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THE LOW AND CRYOGENIC TEMPERATURE 
MECHANICAL PROPERTIES OF 2 1/4 AND 3 1/2% NICKEL STEELS 
Noel John Huettich 
,. 
•, 
ABSTRACT 
Interest in the use ·of,nickel steels for low and cryogenic 
temperature ap~licatiothas grown tre~ndously in the last 
decade, especially for the containment, processing, and t~an1• 
. 
porting of liquified natural gases, Nickel has long had a • 
' reputation for enhancing both the strength and toughness of steels 
and its applic'1tion in this field is recognized in ASTM speci-
fic'ations A203 and A300, which set compositions end toughness 
performance requirements for 2 1/4% and 3 1/2% nickel steels. 
At ~he present time, these steels are used in the normalized 
condition, and are limited in use to -1s•F for the 2 1/4% Ni 
grade (ASTM A203 grade A) and -150°F for the:3 1/2% Ni grade 
(~STM-A203 grade D). 
• 
Previous work has shown that accelerated cooling could 
enhance the toughness of these steels, If sufficient improve-
ment in tOughness could be gained by this treatment so that 
I -
they could be used at temperaturea 25-50°F lower than their 
present limit,· it would be a valuable contribution to the 
. ' 
application of the steels. It was the purpose of this study, 
therefore, to determine what improvement in toughness properties 
could be achieved for these steels by accelerated cooling. 
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f As. a ·second ot.,.jective, the application i1of tests other than 
the conventional _toughness tests to these ·st.eels was explored. 
In recent years, ·sophisticated tests for the: study of materials 
/ 
I have b·een deve lope'd, namely, sharp crack fracture mechanics. 
I. 
I 
These tests.provide .. data which can be used in structural design, ,{ . .-i.. 
which is · in cont&st to convent_ional -Charpy :impact testing more 
commonly applied to these steels o With this in min·d, the effect 
-of accelerated cooling treatments on the A203 steels was studied 
.· r 
' 
using ·bqth the traditional Charpy.v-notch test and static and ~ 
. 
dynamic-. fracture toughness_ tests. 
On. the basis o-f the test results from this study, both static 
and dynamic, the quenched and tempered materials exhibited super"i-
or __ toughness over the normalized materials. The enhancement in 
toughness in these steels by the ·accelerated cooling treatments 
\ are ·dµe, ~t least in part, to the finer ferrite grain size and 
. 
finer carbide distribution this treatment produced. The 3-1/2% 
riickel gra·d·e. exhibited a high strain rate sensitivity as determined· 
,. . 
by dynamic fracture toughness tests resulting in approximately 
100°F shifts to higher temperatures when compared to the static 
fracture toughne.ss data. It is probable that this is also true 
1 of the 2 1/4% nickel steel. The results based on Merkle's 
hy,poth~sis and in. terms of the ''leak before break" concept portray f 
the normalized arid quenched and tempered 2 1/4 and 3 1/2% nickel 
s~eels :as having substantial toughness for pressure vessel appli-
• 
°'-.., cations at and below their present minimum use temperatures for 
• 
various loading conditions and plate thicknesses. 
' 2 
"' 
l 
I 
I 
t 
i . 
I 
'. 
! 
' 
' 
-.. 
• 
.. 
• 
• 
,.. 
. 
- .. 
.I 
;, 
•• ,;: 
• 
~- \ 
... 
,. .·· 
I 
~ 
·" 
t 
• 
' ' 
\ ' 
' 
., 
\ 
-.. ..,,t 
.•.... ~ ... 
. . . . ; ~ : 
.-•·, 
:.l 
··:: 
J<;" 
..•. 
. 1-
:· ·: .; ..... 
., 
-... / --
1. 
I . 
; ... 
,.· 
r , .. 
,, .... 
:_. ··:~\ 
,' 
.. :· , .. 
. 
.... 
·.-., 
. .-''r 
•· ,· 
.,. 
j. •. 
.. 
-THE LOW AND CRYOGENIC TEMPERATURE 
MECHANICAL PROPERTIES OF 2 1/4 AND 3 1/2% NICKEL STEELS 
/ 
. -
I. 
1, 
) 
,, 
I 
Noe 1 John Ru:ett:ic·h ·· 
•· 
.... 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Carididacy for the Degree of 
Master. of Science 
in 
~ 
Metallurgy and Materials Science 
'·, 
:• 
Lehigh University 
• 
1971 
,, . 
.... , 
I 
j 
I ,. I 
I 
I .. 
I 
I 
I 
I 
I 
. • 
·. 
' 
\. 
i . 
• 
. . 
.. 
~ 
l 
,· 
" 
,. 
•· 
• 
• 
.. --~ 
• 
,.. 
.• 
f 
.. 
" '·. 
·, 
. '<,.: 
"' 
'· 
I • ~ 
•· 
. :r ,. 
/. 
.'.;,. --·. _---,-
/ 
,. 
( 
:, 
~; 
. ,. .. , 
.:..·· 
··~. 
.\' 
; 
.•· 
.. 
• 
.. .. 
·, 
.... 
I: 
' 
This thesis is accepted and approved in partial 
..... 
fulfillment of the r_equirements for the degree of Master 
of Science-.· 
\ 
• 
"'!: 
... date 
• 
• Professor in Charge 
the Department 
... 
... 
• 
:, 
.. 
• 
.  
. ii 
'• 
-" ·-
• 
-·.~~_,·;-- ·,,,.,-;_;i·.;·;7f}· ~~~f<a:,~f:~-~x£&_~-~;-,.~~·\/~J<~:~:·~,<~~!:i.~~.'\t'':~·:· .. :-~>'_-. ·-7~;·,·.-- ;_ -,"--;:._·_,_,-.<-'- ··~ ... ~>-· .... : _· .. .--:·::: -'._;. ---- . . _-~ ~ . , 
' 
.\ 
" 
;·:·.:: 
. -~ .. ; 
'. .• 
·- . 
- ~~ 
:e 
,. 
j •• 
. ~ 
. ,. 
. •. 
~·.·· 
·~ ._. J ' 
. , 
:, ;·· 
•! .. 
-~ 
. ... . .. :": 
• .. • 
, . .-' 
:··, . 
. -::,.:::. . 
' ' l • 
. ·., . 
I-· -:.·,. 
. , j. . ' 
_.____,,. 
•; --:· - ..... -:. 
. .~ 
.. · ... 
~-
_.:,: ·>\ .. 
~:. 
,, 
-~ ·' :··: 
. . 
• 
~ . 
. :::.:..::: 
. -: ,,. f • 
~ . 
---~ ---~:~2-~2 
. ---.--. 
. I 
" 
. . 
. ~ ;.-
\.. 
• 
.. 
#' 
ACKNOWLEDGEMENTS 
.. 
' 
. ·, . 
The author is sincerely indebted to his advispr, Dr. Alan 
• W. Pense whose constructive criticism and sincere interest were 
invaluable during this investigation. 
11 
.. 
' 
·r must also acknowledge my .sincere gratitude to the 
following people: · 
• 
·Techn-ica 1 Staff .J 
Joseph Kovacs, Douglas.Bush, William Bolich, 
Martin Sheska, Hugh Sutherland and Richard 
Sopko. 
Shop Staff..:. 
:. 
~ ~ 
- Wflliam 'Mohylsky, Peter Kleppinger, Julius Samrady, 
Ronald Bray and Joseph Hojsak . 
Secretarial Staff -
Marge Steager, Louise Valkenburg and Barbara Hayes. 
Financial assistance for this i~estigation was generously 
·• 
• 
provided by the Pressure v·esse 1 Research Conunittee; test materials 
were supplied by the Lukens Steel Company and the Armco Steel 
Company.· 
• 
Finally I would like to thank my Wife whose patience and moral 
I -. 
.·support. were. inva.luab le~ -~ 
. ' 
·.,. 
.. _. 
·; 
,-:1:: 
,· . 
iii 
.• 
1 
• 
.. 
. 
.. 
•. 
\ 
. .. 
.•. 
-· 
• 
' 
\ 
, 
• 
I 
:~·.: 
·-
; .. t. J 
/· 
: . •· ' .. : . 
.- ·' ..... 
.".1::1. 
,. 
r, 
C 
• 
. , . ,·: .. 
, .. 
·.; 
.. 
' 
. I 
• 
,. 
. ' 
' 
t 
l TABLE OF CONTENTS 
• 
Abst.ract 
Introduction 
Test Specimens 
l 
' 
Specimen Material 
Material Preparation 
' Specimen Geometry 
) 
I 
Test Program 
Tensile Test 
. , 
11: 
Charpy v~Notch Impact Test 
N.R.L. Drop Weight Test 
Static. Fracture Toughness Test 
. 
' 
Dynamic Fracture Toughness Test 
Specimen Analysts 
Static Fracture Toughriess Test 
Dynamic Fracture Toughness Test 
. . ' 
-Presentation of Results 
t 
Metallographic. Results 
T~nsile Test Results· 
Charpy V-Notch Test Results 
N.R.~. Drop Weight Test Results 
' 
•• 
' t: 
.• 
.. 
.. ·. ':" 
... · 
a: 
Static and Dynamic Fracture T9ughness Test Results. 
Fracture Appearance, 
Discussion of Results 
-. 
<I 
' 
iv 
I 
' 
" 
.. 
Page 
1 
3 
6 
6 
.7 
7 
·a 
8 
8 
9 
9 
11 
12 
12 
14 
15 
15 
15 
16 
17 
18 
22 
24 
..... 
•• 
~-
.. 
.\ 
• 
• 
' 
.. 
• 
I.· 
• 
• • 0 
.. 
,· 
·~ 
?.--· 
• 
• 
' 
, . 
.;:l 
-~ 
.' 
,r .• 
... 
• 
-~ 
'· 
·, I 
t 
L 
I 
·t 
.i 
.i 
I 
.. 
~·. 
•·. 
I· 
i 
·-~-
-~·. 
,. 
., 
•: 
,._ 
Conclusions 
Bibliography 
Tables 
Figures 
Vita • I 
.-
.. 
..... 
·:..- . 
·-r: 
.... 
·i . 
.. 
TABLE 
v 
•.. 
I 
OF 
' ,. 
. •. 
\ 
, 
CONTENTS 
I j, 
.1 
,I 
, 
.. 
.. 
·-
(cont'd) 
''.: ..... 
·,. 
' 
.t 
. 
. 
... 
r 
. . 
../ 
·-
. .
... 
.... 
Page • 
31 
,,, 
33 "t!r. 
.. 35 
- 51 
-· 52 95 . ~ -
96 
• 
• 
... 
.· ... 
. ... 
.. 
.• \ 
.. 
' 
'· 
,. 
I ::t.-
• 
t 
I. 
•. , .. ·. 
·4?: 
' 
.. :-
e,. 
) 
' 
, 
,". 1 .• 
J 
i 
I 
' ., 
. .. \. 
. ,-;• 
. ' 
.. 
.. 
,,. 
-
.... 
' 
.. 
\ 
l ' 
..... 
J. 
-
.f. • • 
' • • 
-~ 
\_ 
• f 
./ , 
. ,. __ ,.. ' 
• • 11· 
• 
',g' • • 
,. 
.. 
:,,,·~ 
" . 
.. 
• i 
. " 
• 
LIST-OF TABLES 
Table 
Page 
. ~ · r Chemical Analysis of A203 Grade A and Grade D Steels 35 \ 
-
II· Current Design Data for 2 1/4% and 3 1/2% Nickel Steel 36 Plate 
* III Tensile Test Data for Normalized A203· Grade A Material 37 
IV Tensile Test Data for Quenched and Tempered A203 Grade A 38 Material· 
V · Tensile Test Data for As-RolleQ A203 Grade D Mater.ial 
VI Tensile Test Data for Normalized A203 Grade D Material ~ 
39 
40 
, VII Tensile Test Data for Quenched and Tempered A203 Grade D 41 Materia.l 
,, Vlll Charpy Impact and 'Drop Weight Test Data for A203 Grade A 42 -· 
IX 
• 
X 
-xr 
Material .. 
t, 
.. ' Charpy Impact and D~op Weight Te.st Data for A203 Grade D 43 Material 1. ) 
Static Fracture Toughness Data for A203 Grade A and Grade D Steels 
44 , 
Dynamic'F:racture Toughness Data for A203 Grade D Steel 
• 
XII Pre.ssure Vessel ,Design Data for ASTM A203 Steels at 
-75°F, -150°F1 and -225°F. 
47 
48 
'· 
,, . 
• 
.... 
~. 
,,,. 
' 
'\ 
... 
,: 
vi 
.  
-~·-
. , 
t 
• 
' 
/ 
• 
, 
• 
' 
.. 
. ' 
~ 
.. 
-. ... •. ·,4,_ 
.. 
..... _. 
,, ' 
.• 
''· :• 
. ·t ( 
.. f 
<<-= .. 
. . 
.flfl 
•. 
,. 
: ., 
. _ -I . 
' ,I -~ 
+'.: : 
~ ·.' 
' 
.. i' .. ,:. 
.• 
·, 
' . 
. ~-
:.'~-
.. 
. .• 
. •: 
··::. ,: 
·· .. 
.. 
;,; 
-II- .... 
. .. . 
' 
~. 
.., 
., 
.. 
LIST OF FIGURES 
• 
.• 
Figure· 
• • 
·, 
• 
1 
.2 
3 
'4 
SA 
5B 
6 
8 
lOA 
• 
lOB 
Orientation of Spe.cimens taken from the A203 Grade A and 
. ----Grade D Plate Material · 
' 
Interpfetation of NR~ Drop Weight Test Results 
\ 
\ 
\., -
Compqct Tens i:on Specimen 
• 
Fractured Comp·act Tension Specimen 
.:, .. 
~ Compact Tension Test ,Apparatus 
, 
Compact Tension Test Apparatus 
? Tension Testing·c1evis 
' I 
Double Cantilever Clip-in Displacement Gage and Method· 
of Mounting · · 
I 
Dynamic Fracture Toughness Bend Specimen 
Fractured _Dynamic Bend Specimen 
.. Dynamic Fracture Toughness Test Apparatus 
• 
· Dynamic 
·Fra.c.ture Toughness Test Apparatus 
' lOC Dynamic .Fracture Toughness Test Apparatus 
,·, .11 
12 
13 
15 
16 
. ... 
···--· 
\ 
- ~ 
Load Re1c·ording Dynamometer '(TUP) 
Effect of Temperature on Tensile Data ofrNot"IDalized 
A203 Grade"·A Material , 
Effect of Temperature on Tensile Data of Quenched and 
Tempered· A203 Grade A Material 
. . 
Effect of Temperature on Tensile Data of As-Rolled 
A203'Grade D Material 
.. 
' t 
Effect of Te~perature on Tensile Data of Normalized 
A203 Grade D Material 
... } 
. r 
Eff~ct of Temperature on Tensile Data ~f Quenched· 
and Tempered A203 Grade D Material. 
vii ·.•· 
.. 
.. • . ., 
.. 
• 
\ 
Page ~ 
52 
• 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
66 
67 
68 
69 
70 
• 
•. 
• . 
f 
J 
J 
., 
... 
.. 
• 
. -
_.,i~......,.---·_ 
' ·- :~ 
. \..-.. ·~ 
: ' 
.. 
. ( ' 
J' 
.;: .. ' 
-~ . : 
. 
:,•- e ~ 
·~ •• ,.._.c.._ '."'.:.,.':-_- ~ 
--
. ,· 
---~ 
. "'· ,,:• 
... 
··:·, ' 
. " 
. -<:--
-::, . 
. 
< 
" 
.~ . 
. •( 
-.:.;, 
.---..-
-\::;,,, 
_. ~ . ,, 
J ' 
i· . · .. 
/ .. 
' 
·' 
• : IP, 
" 
. ..... 
~. 
T- .:Jr' , 
. ;·-----~ ... :~·~ .. t 
.., 
' 
., 
·•. 
~ 
·-.i l 
1 ~ 
'· 
' 
' ; 
} ., ' 
-r· I· 
... \ . 
,,..-. . . 
.. .. ; . . ; 
. i 
•• 1. 
Figure 
.17 
18 
~ 19 
20 
.· .. 2·1 
22 
23 
24 . 
' 
.. 
25B 
·26A 
26B. 
2'6C 
26D 
27 
28 
29 
; 
- i 
. .., 
~ 
'"" 
I 
--, 
\I 
... 
• 
.• 
• 
' 
I 
I LIST OF FIGURES (cont'd) 
.. 
. 
" 
~' Charpy, V-Notch Impact 'Thst Transition Temperature Curves for Normalized A203 Grade A Specimens 
Page 
71 
Charpy V-Notch Impact Test Transition Temperature Curves. for Quenched and Tempered A203 Grade.A Specimens 
' Charpy V-Notch Impact test Transition Temperature Curves for As-Rolled A203 Grade D Specimens 
Charpy V-Notch Impact Test Transition Temperature Curves for Normalized AZ03 Grade D Specimens 
" 
Charpy V-Notch ~mpact Test Transition Temperatur~ Curves for Quenched and Tempe.red A203 Grade D Specimebs · 
Bar Gra'
1
ph Comparison of 15 ft.lb. Transition Temperature 
72 
73 
74 
75 
. 76 • . and N.n· .. r. for the A203 Steels .. . j. ,, 
~ 
~ypicaf: Lo~d-Displacement Records from st-atic Fracture Toughness Testing . 
. 
I Variati0n of Kie with Strairi Rate 
1_ 
f Load-Ti~e Traces from Dynamic Fracture, Toughness Testing of the A203 Grade D Material . 
Load-Time Traces from Dynamic Fracture Toughness Testing 
I of the A203 Grade D Material 
' , 
77 
78 
79 
80 
i Fracture! Surfaces of Static Fracture, Toughness Specimens 81 .... 
t Fracture Surfaces of· Static 
• 
Fracture Toughness Specimens 82 Fracture Surfaces of Static and Dynamic Fracture Toughness 83 Specimens 
. 
' 
/ ' ' Fracture1Surfaces of Dynamic Fracture Toughness Specimens 84 
I 
.:• 
,· I 
I The Effect of Temperature on the Static· Fracture Toughness 85 of· Normalized A203 Grade A Material '~ ~ 
,, 
'The.Effect of Temperature on the Static· Fracture Toughness 86 of Quenched and Tempered A203 Grade A Mater.ia 1 
. S'unnnary 0 1:f the Effect ,of -Temperature on the I Static Fracture 87 
-
. Toughn.essi
1 
of the Normalized and Quenched and A203 Grad~ A Material. Tempered 
· viii 
• 
/ 
, ... 
• 
• 
·' 
-! 
·Jo· 
• 
• 
.... 
\,. 
" 
f 
• 
-. 
,:,. 
"-· 
'I 
" ,. 
" 
i 
• 
·I 
•!' 
• j' 
,,. 
.~· 
·.... ' 
t-
I-
J 
-
\· 
a: 
C:. 
' . 
" . 
. ' 
. ,. 
.. 
!. \·· 
• 
.. 
t.: 
. ~-
,. 
·, 
·i 
.~ 
-< 
/ : 
:~ 
: .. -... , -
; _.;,· 
,, 
. -; .. 
Figure 
I • 
30 
31 
32 
33 
34 
35 
37 
, 
·t 
·,. 
' t 
LIST OF FIGURES (cont'd) • 
,, 
Th·e Effect 6£ _Temperature on the Static Fracture Toughness 
·of As-Rolled A203 Grade D Material 
· 
The Effect of Temperature on the Static and Dynamic 
• Fracture Toughness of Normalized A203 Grade D Material 
The Effect o~ Temperature on the Static and Dynamic Fracture Toughness of Quenched and Tempered A203 Grade D Mat-er ia.1 · 
, 
' Sununary. of the Effect of Temperature on the Static and ,· Dynamic Fracture Toughness of the As-Rolled, Normalized, and Quenched and Tempered A203 Grade D Material 
Microstructure of Normalized and Quenched and Tempered A203 .Grkde A Material - lOOX, 500X 
Microstruct~re of As-Rolled, Normalized, and Quenched. and Tempered A203 Grade D Material - lOOX, SOOX 
' Plot of crY/K1 versus -Fracture Temperature (Merkle_ Data) for the Normalized and Quenched and Tempered A203 Grade A Mat~rial · • 
Plot of_ 0Y/K1c versus Fracture Temperature (Merkle Data) for ·the;As-Rolled, ~ormalized~ and Quenched and Tempered A203 Grade D Material 
,. 
I 
I I 
., 
• 
' 
• 1X 
.. 
.. 
. I 
·"' 
.. 
. , 
; 
" 
'· • 
. ..... 
...• 
.-~~ 
, . 
Page 
88 
89 · 
·~ 90 
91 
' 92 
93 
94 
95 
• • 
.... 
-.......... 
-
... 
• 
• 
• 
... 
·' 
.,. 
r= :. 
... 
-.· .... " 
.. 
I • ' ~ 
i!' ) 
I 
"O: 
;·· 
< / 
-
.,· 
..:... 
L 
.. -. ,. 
. ,, 
.•;;,, 
·.·;. .. 
. " ' .·_: 
' 
:D: . 
,, 
... 
... 
(' 
'· 
·' 
ABSTRAC~ 
: Interest in the use of nja..ckel steels for low and cryogenic 
' l 
. tem~erature a4ptications h~.f grown trE!mendous ly in the last 
. · decade, especi lly for the containment, processing, and trans• . . 
---porting of ifled naturJl iases~ 
I 
' Nickel has long had a 
I reputation for enhancing btjth the strength and toughness of steels -
<.,: 
and it·s ap.plic~tion in this field is recognized in ASTM speci-. I ! 
fications.A203 1
1 
and A300, wb;ich set compositions and toughness I 
performance requirements for 2 1/4% and 3 1/2% nickel steels. I 
I 
· At the prese-nt I time,_ these steels are used in the normalized I 
condition, and are linnted in use to -75°F for the 2 1/4% Ni 
1 
_· grade (ASTM A293 grade 
(ASTM A203 grad
1
e D). 
I 
.. Pievious ~ork has 
I 
I enhance the tolg~ness 
" A) a~d -150°F for the 3 1/2% Ni grade 
I 
shawm that accelerate<)? cool'ing could I I 
I 
I 
I 
of these steels. If sufficient improve-', ' . 
I 
' 
' 
' 
ment in toughnes·s could be gained by this treatment. so that 
. I 
-tpey could be ujsed at temper,atures 25-50°F lower than their i . I 
present limit,. jit would_ be a: valuable contribution to the i, 
I 
I application of the steels. It was the purpose of this s.tudy, 
ther~fore, to determine what improve~ent in toughness properties 
could be achie~ed for these steels by accelerated cooling. I 
• 
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A·s a- second objec-tive, the application of tests other than 
the conven&ional toughness ~ests to these steels was explored. 
< In recent years, sophistica~ed tests for the study of materials 
• 
· have been .developed, namely, sharp crack fracture mechanics. 
' These tests provide data whicb can be used in structural 'design, 
which is in ·contrast to conventional Charpy impact testing more <. 
' commonly applied .to these st_ee ls. With tjiis in mind, the effect 
' of accelerated cooling treatments ·on the A203 steels was studied 
us·ing both the traditional Charpy v-notch test and static and 
f ~ 
··· .. dynamic fract_ure to_ughness tests. 
'· 
• 
·on the basis of the \est results from this study, both static ~ 
. 
and dynamic¥ the quenched and tempered materials exhibited superi-'· > 
-· or .toughness over the normalized materials. The enhancement in 
'\ 
_. 
toughness in these steels b~the accelerated cooling treatments 
are due, at least in part, to the finer ferrite grain size and 
f ine.r carbide d istr ibu~ ion tl\is treatment produced. 'The 3 1/2% 
nic~el grade exQibited a high strain rate sensitivity as determined 
by:, ·dynamic fracture toughness tests resulting in ·approximately 1oo•F shifts to higher temperatures when compared to the static 
fracture toughness data. It is probable that this is also true 
of the 2 1/4% nickel steel. _The results based on Merkle'.s 
hypothesis and in terms of the ''leak before break'' concept portray 
-the nor,maliz·e·d and quenched and tempered 2 1/4 and 3 1/2% nickel 
, 
· steels as having substantial toughnes_s for pressure vessel appli- · 
cations· at and below their present minimum use temperatures for 
•· 
~ various loading conditions and plate thicknesses. 
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INTRODUCTION 
Interest in nickel steels for low and cryogenic* temperature 
service started with cold climates and progressed to dewaxing 1 
I 
I 
petroleum oils and the processing, containment and transporting 
of liquid gases. . - .. . Nickel is a widely used constituent of steel 
because it enhances. both strength ~nd toughness •. The first mention 
' 
' of the resistance 0£ nickel steels to the propagation of cracks was 
. made in 1897, however it was not untii 1925 that notched bar impact 
. -~ data was obtained for these steels at low temperatures. In 1932 
' 
. 
Serge~on reported that 2.0, 3.5 and 5.0% nickel steels have excel-
lent notched bar impact properties at subzero temperatures. 1936 
saw the establishment of 2 1/4% nickel steel for low temperature 
-use down to -50°F. In. 1940 notched bar impact data was obta-ined 
' 
for. 2- 5% nicke 1 stee lJ down to. -200°F.:. The late 40 's brought : ;:\ 
about the development ·of 9% nickel steel for use down to liquid 1 
• 
• 
·nitrogen temperatures. Eventual_ly the. 2 1/4, 3 l/12 and 9% ni'ckel 
steels emerged ~s the most popular for low and cryogenic tempera-
ture use and are covered under A.S.T.M. Specifications. 
The beneficial effect of nickel has been attributed to a grain 
size refining effect, an altered carbide distribution, and also a 
s~lid solution effect, the latter taking the form of an increased 
2 amount of dislocation generation fn the presence of nickel. 
. *The cryogenic temperature range begins at a·high of -150°~ 
. · and goes down to the physical limit of coldness at -460°F. 
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Two low alloy nickel steels for use at subcryogenic tempera-
tures are the subject of th~s study,. those being ASTM A203 grade A 
and ASTM A203 gr~_de D material. Both grades are covered under ASTM 
' 
' A203-56 and A300 specifications and are used in structuralapplicatfcn1" 
involving plate thicknesses up to 8 inches. At the present time the 
grade A material is used for tanks, vessels and piping for liquid 
·propane and has a minimum use temperature of -75°F, while the 
grade D materia.l has a minimum use temperature of 150°F and is used 
for land based ,sto~age of liquid. propane, carbo"t dioxiae, acetylene, 3 
. 
. ethane, and ethylene. 
I 
\ This study sponsored by the Materials Division of the·Pressure 
Vessel Research Conunittee was to determine the toughness improve-
J ment that may be achieved in the ASTM A203 grades of steel by ac-
celerated cooling treatments. Little has been done in the way of 
, 
,, 
studying the effect of accelerated cooling treatments on these steels I but prelimin~ry studies showed it to be beneficial to the materials' 1 4,5,6. 
toughness. 
" 
• 
·1t was,found for the.A203 grade D material that 
cooling·at a rate similar to liquid quenching of a 2 inch thick 
, plate.produced a Charpy V-notch 15 ft-lb. transition temperature of 
r 
. 
-2QS°F, while cooling at a rate similar to normalizing such a plate 
produced a transition temperature of only -130°F. Thus it appears 
possib'le to-improve the toughness of these low temperature steels ~ 
·significantly in the expected range of service temperature by such 
·treatment. Unfortunately.> under current A.S.T.M. Standarns both 
the A and D grades are required to be used in the no;:uia-tized · 
.. 
condition. 
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• 
-If the enhancement of toughness in these materials by ac-
. 
. celerated cooling treatments could lower the temperature at which 
I 
, 
~these steels could be used by 25-50°F it would be a valuable 
' 
J 
, . 
• contribution to the: knowledge of these steels. This would open 
' the door to new and more economical uses for these steels, ,,/ . 
especially in the area of containment; processing, and frans-
porting of liquid gases - an industry which has mushroomed in the 
last decade. 
At the present 
materials' toughness 
l 
time the test which 
is ·1he traditional 
, 
• 
• 
. is used to evaluate these 
Charpy Y-notch test. 
Charpy v-notc~ data, however~_because it produces only a transition 
temperature, not an allowable stress level, cannot be directly 
related to structural design. In recent years, thobgh, more 
sojhisticated tests for the study of materials have been developed, 
' 
. namely, slarp crack fracture toughness tests. These tests do 
.. 
~ 
'• 
provide data which can be used in structural design and have. 
'--
p'roved -to be of great engineering value. Although fracture 
toughness tJsting may not have general applicability in the ~ 
/ ambient and elevated tempera'ture range for high toughness 
J . 
materials; it may be suitable - perhaps more suitable than the 
' 
more traditional toughness tests in the low andycryogenic temp-
\ 
-
erature range. For example, the influence of accelerated codling 
heat t.reatment on these materials will have a twofold effect. 
The C~aFPY impact toughness is improved and the yield strength is 
increased. The fracture t~ughness tests have the a9vantage that 
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both the factors( are considered in the evaluation of the material 
at the temp~rature of serviceo It was in order to explore some 
.of these areas that this study was undertaken. First, would 
accelerated .cooling in two-inch thick production plate result in 
a significant toughness improvement, and by how much? Secondly, 
' i how. c.?n toughness in these materials be evaluated? Will sharp 
crack fracture mechanics provide a vehicle for evaluating these 
steels, and what is the relationship between these values at 
' service temperatures and the more traditional tests? Thirdly, 
will -accelerated cooling influence both high and low Ni alloy 
' steels.to the same extent or is there a difference? 
To answer these questions, an experimental program of study 
. _/including tensile, Ch~rpy V-notch, N.R.L. drop weight, and . ~ . • 
. 
- frac-~ure toughness (both static al).d dynamic) test data on ac-
I 
J celerated·cooled.and normalized grades A and D A203 steel was 
Initiated. This document is the result of that investigation. 
TEST SPECIMENS 
Seecimen Material 
• The two. materials investigated were ASTM A203 grades A 
-(2 1/4% nickel) and D (3 1/2% nickel) steel. Two inch thick 
grade D plate material was supplied by the·Armco Steel Corpo- I' 
ration ill, both the normalized· and as-r·ol1'ed conditions. The grade 
·A pl~te material, 1.645 inches thick, was supplied by the Lukens 
Stee·l Corporation in the normalized condition. Compositions of ... ~ I 
, 
I both· the ASTM A20\3 grades supplied can be found in Table I • 
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Current design data for both steels are found in Table II. 
., 
\ 
Material Preparation 
• 
. ' To obtain the quenched and tempered material which was 
. essential to this study~ it was necessary to heat treat part of 
the normalized plate material supplied for this program. Both 
·the gr~de/_A and.grade D A203 
materials were heat treated in the 
. ~ 
form of plrtes in the .rolled thickness as follows: 
/ 
1. Austenitized at 1650°F for 2 hrs. at temperature. 
2. Quenched • a jet of water to simulate an in spray .. 
. .I. 
industrial type quencho 
' . 
,. 
3. Tempered at 1150°F for 2 hrso at temperature. 
4. Air cooled o 
• 
The effect of these treatments 
on the microstructure of-the 
•teels was evaluated using standard metallographic procedures. 
'· . 
·' 
Photomicrographs of both the 2 1/4 and 3 1/2% nickel steels in 
the variQus h~at treated conditions studied are found in Figures 
34 and 35., 
Specimen Geometry 
.... 
' 
~ 
\ 
Specimen blanks were cut from the plate material in the manner 
shown in Figure 1. Charpy and tensil,.e test spe~imens were in all 
·· , cases taken from the quarter sectii{n of tfte plate material. The 
; 
., 
•· 
,. 
.. 
...... 
i .. 
N.R.L. drdp weight test specimens were all taken from the surface 
' 
section of the plate while both the static and dynamic fracture 
toughness specimens were thro.ugh thickness specimens. 
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TEST PROGRAM . 0 :1 
Tensile Test 
Tensile ·te~t~ were conducted at temperatures of -250°F to { 
75°F using a 10,·ooo'>l pound capacity Instron Testing Machine at a 
cr6ss-head speed of Oo05 in/mino Shouldered, 4 inch long speci-
. • 
\ 
··~ mens having a o 250 inch diameter and a 1 inch gage length were 
'' 
,. 
.• 
y 
used. The lower temperatures were achieved by 2-methylbutane and 
l!quid. nitrogen ·mixtureso Load-extensometer records were obtained 
( for .. atl ambient temperature tests. At low and cryogenic tempera-
1 tures however an extensometer could not be used. In its place 
load-extension records were obtained~from a knowledge of the cross-
he~d speed and the chart speedo After each test the percent 
reduction of area, percent elongation, 0.2 percent offset yield 
slrength_ and the ultimate tensile strength were calculated~"" 
· recorded. The results ar·e presented in Tables III-VII and repre-
• 
. sented in Figures 12-160 
Charpy Impact Test 
Charpy v-notched specime.ns were t·ested over a range of 
' 
'I 
temperatures from. -320°F to_212°F in accordance with ASTM Methods ( 
for Notche~ Bar Impact Testing of Metallic Materials. In all the 
specimens the axi~ of the notch was perpendicular to the surface 
of the plate material as seen in Figure 1. The tests were per-
formed on a Sayte~ (Model Sl-lD) Impact Testing Machine which met. 
Watertown Arsenal Specificati~ns. After each test the impact 
.·energy, lateral expansion and percent shear fracture were cieasured '-
and recordedo The results are presented in Tables VIII and IX IJ 
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and are shown graphically in Figures l1-21. 
N.R.L. Drop Weight Test I 
Specimens used for this test were taken from the surface 
sectioq of the plate material, in the orientations seen in 
• 
·Figu;e 1. A type P-2 specimen was used - where the thickness • 
• 
equals ~1s inches, length equals 5.0 inches and the width equals 
• 2 .·O inches. A simply constructed drop-weight machine was used 
· h·aving a 60 pound weight and a .mechanica 1 re lease mechanism • 
Tests were carried out~in accordance with 
7 
• 
Naval Research Labors-A 
' tory reconnnendations. ' Eight test specimens were used for each 
' 
NDT (Nil Ductility Transition Temperature) determination. Low / 
temperatures were achieved by 2-methylbutane and liquid nitrogen 
"!-
'.mixtures·. The N. R. L. is a ''go'' (\",reak) or "no go" (no break) 
, . 
. ' 
' 
type of test,(see F~gure 2 for i~terpretation of NDT test results). 
s. The NDT results are presented in Tables VIII and IX. 
-Static Fracture Toughness Test I I ' 
Static fracture toughness tests were carried out on·~both the 
grade A and grade D A203 materials in accordance with the ASTM 
Proposed Methods of Test for Plane Strain Fracture Toughness of 8 9 · Metallic Materials. A compact tension specimen configuration 
was u·sed and is illustrated in Figures 3 and 4. This single edge 
notched and pin loaded specimen was chosen mainly to conserve on 'i 
-
material. A chevron v-notch was machined.into the specimen to 
facilitate fatigue cracking. Precrac·king of the specimens was done 
on a 10 ton capacity Amsler High Frequency Vibrophore at ambient 
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temperatures and at a cycling rate of 150 to 180 cycles/second. 
During ·the last 12.5. percent of crack extension the Kf(max.) was 
held to one half of the~ value determined in the subsequent 
test as recommended by the A.S.T.M. This is to establish a "sharp 
' crack" condition at the tip of t'he fatigue crack, in a specimen of 
adequate size. The fatigue crack was extended .375 inch~s from the 
tip ot the machined chevron notch to insure that the machined 
notch would not interfere with the crack tip stress field. The 
final length of the crack was from 0.45 to 0.55 times the W 
dimension of the specimen. 
. ./ The fracture toughness tests were conducted on a ~20,000 
pound_Baldwin Universal Testing Machine using loading rates between 
50 and 150 KsiV~n/min. Specimens were tested ove_r a temperature 
' range Qf -300°F to -75°F in test apparatus shown in Figures SA and 10 SB. Specially designed tension testin~ clevis' illustrated in 
Figure 6 were used to apply the/load to the compact tension speci-
11 mens. Prior to testing,a double-cantilevered displacement gage 
V was attached to the integral knife edges machined into the speci-
men as illustrated in Figure 7. Load·~ersus displacement across 
' 
'> the notch at' the specimen edge was ·recorded autographically using a 
Moseley x-y recorder. 
·( 
The following data was recorded for each specimen-tested: 
t 
. 
.. 
1. 
2~ 
3 • 
-. 
i 4. 
' 
. 5. 
6. 
Thickness, B 
Depth, W 
· Fatigue precracking conditions. Crack length, A 
Test tempetature 
Loading rat~ in terms of K1 
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7. 
, 8. 
9. 
10. 
Load displacement record and associated calculations Fracture appearance 
Yield str~ngth at temperature tested 
K1c 
, 
. 
St.atlc fracture toughness tesf:~esults may be found in Table X and 
represented in Figures 27-33. 
. .... Dynamic Fracture Toughness Test 
Dy~amic fr'acture toughness tests were carried out on the A2-03 
, grade Dr steel to determine the e.ffect of strain rate, if any, on 
thi~ material.· Tests were conducted in accordance with the pro-
12 'cedures in· Fritz Engineering Laboratory Report No. 335.1. The 
' 
I 
\;. 
,lt 
r 
' l 
I 
· tests .were perforµied on bend specimens illustrated in Figures 8 ' 
and 9. The specimens had chevron v-notches machined into them to 
facilitate fatigue crackingo Precracking was done in a manner 
similar to,that described under Static Fracture Toughness Testing 
(except tha·t in this case the specimens were under 3-point bend 
load·ing) and according to ASTM E-24 committee recommendations. 
The fatigue cracked bend specimens were tested in a specially 
~ bui'lt drop weight tear testing machine at Lehigh University's Eritz 
Laboratory equipped with a 400 pound weight and a drop range of from 
1 to 30·feet which is illustrated in Figures lOA-lOC. The free 
falling weight is supported by an electromagnet release mechanism 
·which is raised and lowered by a 2., ton overhead crane. Toe weight 
has a lqading tup attached to it (illustrated in Figure 11) which 
has strain gages mounted to it and which measures the load t:esponse. 
The dynamic bend. specimens were tested over a temperature range 
from -250°F to -100°F. Low and cryogenic temperatures were oli:ained 
11 
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by using 2-methylbutane and liquid nitrogen mixtures. Before the 
iweight was dropped .on th~ specimen a. half round, .5 inch diameter 
drill rod loading cushion was placed on the specimen positioned 
' where the tup would hit. (see Figure lOC). The loading cushion was 
used to spread out the loading time and to reduce the impact 
(inertial) effecto 
,,.. 
,J A ·continuous load-time trace was recorded for eac~ test. 
The signal from the tup (load dynamometer) was transferred to a 
Taktronix Type 549 storage oscil~oscopeo In order to initiate the • 
-beam trace of~the· oscilloscope before impact,an external trigger 1t ~ ' 
' 
. 
source had to be usedjthat would trigger the sweep of the oscillo-
scope at the proper moment. A vacuum tube photocell powered by a 
·n.c. power supply was usedo The photocell was mounted in such a 
manner that the falling weight would cut off the light beam so as . ,I 
.. to trigger the delay timing mechanism of the oscilloscope. After 
. 
a pr·e-set delay time the electron beam would then sweep and store 
the load-time record on tQe oscilloscope_ screen, at which time a 
Polaroid picture was taken of the load-time trace. The results 
.obtained are in Table XI and represented in Figures 31-33. 
SPECIMEN ANALYSIS 
I 
Static Fracture,Toughness Test 
• 
In order to calcul~te the stress intensity factor (the inten-
. \ 
• 
sity of the stress field near a crack which is deformed in the 
8 • moqe) the following • used: opening expression was 
,, 7 
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.. _where PQ 
··B 
·w 
a 
y 
-
-
-
-
= 
.~ 
load in pounds, at pop-in, 4 percent secant, 
or maximum load 
thickness of specimen, inches 
width of specimen, inches 
crack length, inches, and, 
f(a/W) given by the following power series 
(an established relation connecting the stress 
intensity factor with the specimen dimensions 
-.._.,,.. . 
and applied load for a particular design.of 
specimen) 
. 1/2 y 
- (29. 6 .. ,.(a/W) 
-
' (a/W) 9/2) ' + 638.9 
185.5 (a/W) 312 + 655.7 (a/W) 512 - 1017.o (a/W) 7h. 
' 
(2) 
The validity of the~ value calculated from equation 1 was based 
13 dh the-·followirig:~riterion: 
where 
1. That the 4 percent secant offset method be used to 
determine that the load P may be regarded as corre-
sponding to an effective ~rack extension of 2 percent. 2. Size requirement. 
/j 
I 
~ 
cryg 
a 
B 
W-a 0 
-
-
-
-
-
2 
B ~ 2.5 (~/ay5 ) 
2 w -· a0/~ 2.5 (Kolcry8 ) 
stress intensity factor 
.2 percent offset yield strength at the temper-
.ature tested 
~pecimen crack length, inches 
specimen thickness, inches, and, 
ligament length, inches 
,If ~these.requirements are met the~ value can be considered a 
valid plane strain f:i:-actu~ toughness number, Kie· The plastic 
zone size at the crack tip prior to fracturing the specimen was 
• 
computed on the basis of the Kf (max.) in the final stage of 
14 fatigue cracking. The following expression was used: 
• 13 
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(6) . 
where 
-
-
-
-
radius of plastic zone size, inches 
applied stress intensity 
=· .2 percent offset yield strength 
Dynamic Fracture Toughness Test • 
At the present time. there are no standards which cover dynamic 
fracture·toughness testing, although procedures and recommendations 
' for performing and anal·yzing the tests may be found in references 
12 and 15. 
The stress intensity factor for the dynamic bend specimens 
12 were Cqlculated with the following expression: 
• 
1.5 PL (a) 1/ 2 
B w2 
. y (7) 
where a 
B 
w; 
p 
' 
.L 
y 
·-
-· 
·-
-
-
-
-
-
-
-·-
specimen crack length, inches 
specim~n thickness, inches 
specimen depth, inches 
·t 
•. 
applied load (maximum load recorded on load-time trace) in pounds 
span length, inches, and 
f (a/W) given by the tallowing power series for L/W m 3.33 
[1.93 - 3.12 (a/W) + 14.68 (a/W) 2 - 25.30 (a/w) 3 + 25.90 (a/w)4 j (8) 
The ~ va·lues calculated from equation 7 were assumed to be 
valid dynamic plane-strain_fracture toughness values, Kld' if the 
requirements set forth in·equations 3, 4, and 5 were satisfied. 
The crack leng·th requirement, ,equation 3, being the most stringent, 
was applied to the dynamic bend specimens • 
• 
• 
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PRESENTATION OF RESULTS 
Metallographic Results 
The enhancement of toughness in the two low alloy nickel steels 
by accelerat~d cooling treatments (spray quench), excluding the 
effect of nickel its~lf, appears· to be in the size and distribution 
of -the micro,-const·ituents as seen in Figures 36 and 37. These photo-
( 
micrographs show the _effects of various~ cooling rates on the micro-
structure of these steels. There is a decrease in ferrite grain 
. 
size and a finer c~rbide distribution with increasing cooling rates 
a·s shown for both the 2 1/4 percent and 3 1/2 percent nickel steels • 
-
Both of these effects are also enhanced by the nickel present and have 
I 
long been known to have a beneficial effect on the toughness of steels. 
Tensile Test Results 
Low and cryo_genic temperature tensile test data for the 2 1/4 
perc~nt and 3 1/2 percent nickel steels are presented in Tables 111-
V!I. Tensile requirements for these two grades are covered under A.S. 
T.M. Specification A203. Both the grade A and grade D materials must ' 
meet the following requirements: 
' 
Tensile $trength, PSI 
Yield Strength, min. psi 
Elongation in 2 in., min. 
- 65,000 - 77 ,ooo , 
- 37,000 
percentage - 25 
These requirements were met except for the quenched and tem-
pered cond-ition for each grade which had tensile strengths slightly 
over the 77,000 psi maximum. 
Both grades showed a general trend for increasing tensile and 
,,_ yield strengths with decreasing temperature which is illustrated in 
, 
' 
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Figures 12-16. The quenched and tempered condition exhibited 
rl greater tensile strengths than the normalized condition for both 
grades. There was little difference between room temperature and 
.-250°F in tensile ductility. Over this wide temperature range the 
percent elongation increased slightly as temperature was decreased. 
, These results wouid indicate that the toughness exhibited by both 
the 2 1/4 percent and 3 1/2 percent low alloy nickel steels at low 
_temperatures can be attributed, at least in part, to only a gentle 
. 
• 
increase in yield strength with decreasing temperature. 
Charpy V-Notch Test Results 
Charpy v-notch data for both the A203 grades of steel are 
found in Tables VIII and IX and are represented in Figures 17-21./ 
Impact requirements for these two grades are covered under A.S.T.M. 
Specification A300. The limiting minimum test temperature for the 
2 1/4 percent nickel steel is -75°F, at which temperature the steel 
must meet a Charpy v-notch impact value of not less than 15 ft.lbs. 
The same applies for the 3 1/2 percent nickel grade at -150°F. 
A~S.T.M. A300 also requires that both grades be in a normalized 
.condition. The impact requirem~nts were met and exceeded by both I grades i.n all the conditions studied except the as-rolled grade D 
materi,al. 
Both grades sboYled some sensitivity of toughness to specimen 
·,r_:· 
r 
.. 
orieritation,especially at higher temperatures approaching the upper 
· 
. . ...,:.. 
shelf. In the transverse orientation the normalized grade A mate-
~ial had,.,a 15 ft.lb. transition of -105°F, while the quenched and 
7 
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·tempered material exhibited a 15 ft.lb. transition temperature at 
-140°F. In the transverse orientation the grade D material in the 
normalized condition had a 15 ft.lb. transition temperature of -162°F 
' while the quenched and tempered material had a transition tempera-
ture of -215°F. 
' In both the 2 1/4 percent and 3 1/2 percent nickel grades the 
quenched and tempere~ material showed superior notch toughness to 
;.,, the normalized material when compared by the Charpy v-notch test 
(i.e., 15 ft.lb., 25 ft.lb., 15 mil lateral expansion and 50 percent_ . 
. 
shear transitio~ temperatures); confirming earlier results on these 
materials. ~he as-rolled grade D material displayed very poor tough-
ness, its 15 ft._lb. transit:io-n temperature being -50°F in the longi-
:tudinal or·ientation. 
• 
Drop Weight Test Results 
The Nil~Ductility Transition Temperature (N.D.T.) as deter-
mined from the N.R.L. Drop Weight Test is a measure of a materials 
ability to arrest a moving crack front under yield point loading • 
conditions • J 
The test results for both grades A and Dare presented in 
Tables VIII and IX. L The normalized 2 1/4 percent nickel steel had 
an N.D.T. of -75°F while the quenched and tempered material had an ) 
·-
,) N.D.T. of -110°F. In both cases these materials exhibited N.D.T.'s 
. , 
:·~. ~ 
-_ at or below the minimum useable temperature specified by the A.S.T.M. 
(-75°F), the quenched and tempered material surpassing the normal-
ized material by 35°F. 
17 
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The quenched and tempered grade D materials' N.D.T. at -130°F 
was far superior to the as-rolled c~dition and better than the 
normalized .condition at -110°F by 20°F. It should be pointed out 
that the N,D.T. of -130°F for the quench and tempered material is 
20°F higher than the minimum useable temperature specified by the 
A.S.T.M. (-150°F). 
No general correlation between the Charpy v-notch impact data 
and N.R.L. drop weight data could be found either within a given 
gr~de for various heat treated conditions or between the two grades 
studied. A bar graph comparison of the 15 ft.lb. transition temper-
ature and N.D.T. values for the A203 steels is presented in Figure 22. 
~t .. atic and Dynamic Fracture Toughness Test Results 
The low and ·cryogenic temperature static fracture toughness 
data obtained for the 2 1/4 percent and 3 1/2 percent nickel steels 
are presented· in Table X. Three types of load-displacement records 
. were encountered for ~hese ·materials, they are presented in Figure 
23. The type 1 .record is indicative of a brittle fracture where 
there is.little plastic strain at the crack tip and failure takes 
place, in a cata~trophic manner. Specimens which had type 2 records 
exhibited both slow crack growth and a fair amount of plastic 
, deformation at the crack tip before sudden failure. Tile type 3 
.. 
J load-displacement record was obtained for a few of the grade A 
specimens in both the normalized and quenched and tempered condi-
tions at -75°F. 1 This type of load-displacement behavior occurs 
due to gross plastic yield,ing at the crack tip (as evidenced by 
. the ''dimpled. in'' surfaces of the specimens) which is followed by 
18 
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slow crack growth,. In· all cases except one, valid plane strain ' 
fracture toughness values, Klc' (according to A.S.T.M. E-24 Cri-
terion) were only obtainable for materials tested under conditions 
' (i.e., temperature and thickness) such as to give Type 1 load-
displacement records. 
, 
Fracture toughness values over a wide range of low and cryo-• 
genie temperatures are presented in Table X. The fracture tough-
ness values wer·e calculated using the maximum loads taken off each load displ·acement record. How accurate this evaluation at maximum 
. 
·load is depends on the extent of the correction factor needed for plastic deformation at the crack tip and also how much safe crack 
extension can be tolerated for a given application. At the present 
time th~re is no elastic-plastic analysis for materials exhibiting 
substantial amobnts of-plastic deformation in the temperature range 
of interest. 
Fracture ·toughness results for both the A and D grades are 
illustrated in Figures 27-33. Valid plain strain Klc tests were 
• not attainable in the temperature range of interest for either of 
the ~wo grades of nickel steel in the thicknesses studied except for the as-rolled grade D material. Valid test results were obtain-. 
able for the 1.645" thick 2 1/4 percent nickel steel in the normal-• ized and quenched and tempered conditions up to -200°F and -250°F ~ respectively, ~ile valid K1~ ,results were obtainable for the 
. normaliz~d.vrade D 2 thick material up to -200°F and up to 
• in • 
. ' 
-275°F\for the quenched and tempered material. The static· 
fracture toughness results indicate that for both the grades studied 
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the quenched and tempered material is superior to the normalized 
material as already indicated by the Charpy v-notch and N.R.L. 
drop weight test results. 
The effect of high strain rates on the fracture toughness of 
many materials is to decrease the plain strain fracture toughness 16 ~ ' even further as indicated in Figure 24. The fracture toughness 
~yaluated at thes~ high strain rates would provide conservative I design data for structural applications. Dynamic fracture tough-
.. 
.ness tests were performed on the grade D material to find out the 
effect of loading rate on the fracture toughness of this steel in 
:the normalized and quenched and tempered conditions. The low and , 
cryogenic temperature dynamic fracture toughness data for the 
grade~ material are presented in Figures 31-33. Some load-time 
traces obtained from the dynamic testing are found in Figures 25A 
and 25B. It is interesting to note the effect of tem~rature on 
the dynamic fracture toughness of the quenched and tempered materi-
al. The load-time trace at -200°F shows a mode 1 failure \.Jhere 
there is a uniform loading up period followed by an abrupt failure. 
At -130°F (this material's N.D.T.), the mode .2 trace exhibits small 
"pop-:hns" before failure which is indicative of a change to a mixed 
mode state ·of stress in the specimen. Finally at -100°F, the mate-
rial, above its N.D.T., exhibits a mode 3 load-time trace where a 
I 
-
number of crack-arrest sequences occur indicating a large improve-
..., 
merit ·1n toughness. 
Both the normalized and quenched and tempered grade D materials 
' exhibited approximately 100°F shifts to higher temperatures in the 
20 
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static fracture toughness data when tested dynamically. This shift 
17 agrees quite well with the data generated by Barsom and Rolf 
using fatigue cracked, slow-bend and impact Charpy v-notch tests 
to predict the effects of dynamic loading on Klc values for nine 
steels varying in yield strength from 40 - 250 ksi. 
The dynamic fracture toughness behavior at the N.D.T. has been 
described in reference 20. At the N.DoTo the stress level for 
crack propagation is close to cryn, the dynamic yield stress of the 
material •. Irwin made the following estimate of the dynamic 
fracture toughness at the NoD,,T.: 
Kld = 0. 78 \Jin. crYD 
18 The dynamic yield strength was calculated by assuming an in-
crease of 5 ksi for a tenfold increase in strain rate. A 105 
' 
change in strain rate, that enoountered in going f~i static to 
dynamic loading, accounts for an increase in yield strength of 
(9) 
·25 ksi above that for static loading. Using equation 9 and plot-
ting the results on Figures 31 and 32 (see triangles) it is seen 
that quite good agreement exists considering all the approximations 
made. Valid dynamic plane strain fracture toughness values, K1a,. 
were obtainable for both the normalized and quenched and tempered 
• 
. grade D material in the temperatu~e range of interest. 
The dynamic results would indicate that the grade D material 
is quite strain rate sensitive; it is believed that the grade A 
' 
material would exhibit a similar behavior. I 
21 
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·, g Fracture Appearance I 
\\ Fracture surfaces (both static an~ dynamic) of the materials 
~ studied at temperatures of interest are presented in Figures 26A-
' 26D. Adjacent to the fracture_ surfaces may be seen the two stages 
of fatigue crack growth (as distinguished by different shades of 
grey) and the mechanical Chevron notch used to facilitate pre-.. 
cracking. In general, fracture surface roughness increased with 
increasing test temperature. Also the percentage of shear lips 
.. appearing on the fracture surfaces increased with increasing test 
temperature. Surface roughness (hackle) is an indication of crack 16 
division which occurs when some critical crack velocity is reached. 
High crack velocities are achieved by a high tensile driving force 
which in turn is prov·ided by high stress intensity initiation 
' 
-values. 
Figure 26A illustrates the difference in fracture appearance 
between the normalized Qd quenched and tempered 2 1/4 percent 
nickel steel at temperatures· of -75°F and -150°F. Invalid fracture 
toughness tests were recorded a.t both these temperatures for both 
materials. Notice the dimpled in ~urfaces (this specimen exhibited 
a type 3 load-displacemeht record) on the quenched and tempered ma-
gerial .at· -75°F indicating a _large amount of plastic strain ci.Jring tre 
frac~~ring_process. There is an increase in surface roughness and 
amount of shear lips with increasing temperature. Figure 26B shows 
t4e difference in fracture appearance at -150°F and -200°F for the 
grade D material in the as-rolled, riormalized, and quenched and 
.tempered conditions. At both temperature levels the as-rolled mate-
. 22 
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rial showed a brittle type of failure, exemplified by a type 1 load-
displacement record. No· shear lips were present at either tempera-
- ture on the as-rolled material. At -200°F the normalized material 
exhibited a flat brittle type of failure (Type 1 load-displacement 
' ; record) whil.e at -150°F it had a rough surface and it was not possi-
. 
. ~. 
ble to obtain valid plane strain results. The quenched and tempered 
material had rough surfaces at both temperatures and it was not pos-
. sible to obt~in valid plane strain results at either of these temper-
' 
atures. Both the normalized as quenched and tempered materials ex-! I hibited slow crack growth at these temperatures as evidenced by the 
"thumbnail'' region just ahead of the fatigue crack (see arrows). 
The great change in fracture appearance between the statically 
and dynamically run fracture toughness specimens is seen in Figure 
26C. At -150~F the statically loaded normalized material exhibits 
,'\I,. 
ductile rupture while the dynamically loaded specimen shows a brittle 
type' of failure (Mode 1 load-time trace). The quenched and tempered 
material at -150°F exhibited a rough fracture surface with shear 
lips~when statically loaded, however, the dynamically loaded speci-
men,~hile still exhibiting shear lip~has a flat fracture surface. 
Loading rate did not appear to effect shear lip formation on the 
\ 
· __ specimens studied. Figure 26D shows the difference between the 
normalized and quenched and tempered grade D material tested dynami-
ca-lly at temperature_s of interest. At -100°F the normalized material (N.D.T. = -110°F) just missed passing the validity r~quirements for 
·being a valid plane strhin fracture toughness tests; some shear lips 
23 
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were present. The quenched and tempered material exhibits shear 
lips at all three temperatures -150°F, -130°F, and -100°F, with 
increasing roughness in fracture appearance with increasing temper-
ature. Above -130°F (the N.D.T.) it was not possible to obtain 
· v~.lid .plane strain Kld numbers for the material. At -100°F the ~ 
quenched and tempered material exhibits a much rougher fracture 
surfac·e with more extensive shear lips • 
Lhe fracture appearances of the normalized and quenched and 
tempered materials for both the nickel grades studied would indicate, 
along with the fracture toughness test result~ that tor a given 
' 
temperature, thickness and loading rate the quenched and tempered 
material exhibits superior toughness over the normalized material. 
"DISCUSSION OF RESULTS 
Out of the experimental results came three variables which 
' are important to the successful unde~standing and application of 
· these steels; they are temperature, strain rate and thickness. 
All three of these variables are interrelated and have a very pro-
found influence on the fracture properties of the materials studied. 
The maximum temperature at which valid plane strain Klc fracture • 
1 toughness values could be obtained for the 1.645'' thick 2 1/4 per-
cent steel was -250°F for the quenched and tempered material and 
-200°F for the normalized material, while for the 2'' thick 3 1/2 
percent Ni steel it was -275°F for the quenched and tempered material 
i and -200°F for the normalized material. However at the present time 
both steels have minimum use temperatures above the temperatures at 
24 
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which valid K1c results are obtainable f_or the given thicknesses 
I 
• studied. Valid Klc numbers were obtainable for the as-rolled grade ! 
D material in the zrv thick condition at -150°F. It may 'be seen 
from other tests that it exhibits inadequate toughness at this 
temperature levelo 
Strain rate had a profound effect on the grade D materials 
. fracture toughness and produced shifts in transition temperature of 
over 100°F for both the normalized and quenched and tempered condi-
tions,o Valid Kia numbers were available at -150°F (the minimum use 
temperature) with this 100°F shifto A similar shift for the grade 
' A material !s probableo The dynamic Kld data at -150°F could be 
used for conservative design numbersJ however, in many instances we 
-.._,._ are interested in static loading conditions~ where Klc numbers would \ 
be of interest to the designero As stated previously; valid 
plane strain fracture toughness numbers were not available at the 
temperatures of interest for the materials studied. This leaves us 
with the task of testing thicker specimens at higher temperatures so 
~ 
that it will be possible to obtain plane ... strain Kie results. For 
example, it might be possible to obtain valid tests at -150°F for 
the normalized grade D material using a 4 inch thick specimen. 
fsing a standard slow bend speci~en geometry the specimen blank 
. would be 4'' by 8'' by 32". This raises all sorts of problems such as 
·\· machining, precracking, special specimen fixtures, and facilities to 
·. _ cool down the specimen. 
This problem can be circumvented by using empirical methods 
25 
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I of extrapolating Klc values to the temperature of interest. One 19 • such meth~d is that proposed by Merkleo Merkle's approach is as 
follows: In looking for an analytical relationship between (K1c/ayg) 
and temperature he assumed that 
(10) 
where N.D.T. -
T_, -
-
a 
-
b 
-
Nil Ductility 
NoD.To for an 
flaw • size 
a coefficient 
Transition Temperature 
infinite size flaw 
·lJsin_g:· the· b,psic equation for linear elastic fracture mechanics 
(11) 
whe.r:e 
\ 
C = constant 
·a£= stress at fracture 
· a = crack length 
and assuming Of= crys in the drop-weight test, then at the N.D.T. 
. -1/2 
a =CVTT (12) 
combining equations 10 and 12 and setting the· N .D. T. - T 
crys rr. - T 
-
(13) 
-
K1c Cb \/Tr 
' 
... 
' 'Equation 13 implies that crys/Klc varies linearly with temperature, 
and that Kie = o0 when T = T00 • 
7 The temperature T~, if it exists, 
sho.uld be the temperature above which plane-strain linear elastic 
19 fracture mechanics does not apply.'' Equation 13 also implies a 
rapid upsweep in Klc with temperature. Merkle has quite success-
fully applied his hypothesis to Wessel~ data on A533-B, Class 1 
steel. 
.I 
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Assuming the A203 steels have a tendency for a rapid upsweep 
' in Kie with temperature, Merkle vs hypoth~sis was applied to the 
fracture toughness data obtained for the A203 steels in this study. 
A plot of ay/Klc versus temperature for the 2 1/4 percent nickel 
~ steel is illustrated in Figure 360 T00 is the temperature at which 
\ 
·the plott~d lines extrapolate down to the temperature axis (absci~sa). 
The grade 0 A normalized and quenched and tempered materials have T~ 
values 6f -:110°F and =170°F respectively. Figure 37 shows a plot of 
ay/Klc versus temperat~re for both the dynamic and static fracture 
toughness data obtained for the 3 1/2 percent nickel steel in the 
normalized and quenched and tempered conditions. Considering the 
static data, the normalized material had a T00 value of -130°F and 
the quenched and tempered had a T~ value of -210°F, while the as-
·- ,;:--
rolled material ha·d a To, value of 80°F. The difference in T00 
between the dynamic and static data for both the normalized and 
. quenched .and tempered materials is about 140°F, a shift about 40°F 
la!ger than that observed in Figures 31-33. Equation 9, Irwin's 
relationship for calculating the Kld at the N.D.T. when applied to 
the dynamic data in Figure 37 comes within 10°F of the N.D.T. for 
the quenched and tempered material and 20°F for the normalized 
material. 
The Teo values of both the normalized and quenched and tempered 
materials for each of the two grades studied. fell below the minimum 
use temperature of each. This means that at the minimum use tempera-
ture of each of these materials plane-strain linear elastic fracture 
27 
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mechanics does not apply.. At temperatures above T 00 general yield-
/ ing will occur before fracture at all thickness levels. Below T•, 
Klc values are obtainable if the thickness requirements are met, if 
not Kc values will be required.-'--] 
Since both the 2 1/4 percent and the 3 1/2 percent nickel steels J 
are used extensively in pressure vessel applications it is informa-
..... 
tive to look at some design data based on the fracture toughness 
results obtained in this studyo The relationship of fracture tough-
ness to pressure vessel design loads will be looked at in terms of 20 the ''leak before break criterion": 
61-.. · ·= .. C ! ( K1c) B crys 
I 
. 
2 
(14) 
a criterion whereby a crack of twice the wall thickness of tae pres-
s.ure vessel will be stable. Th·is can be met for any toughness mate-
rial or wall thickness vessel if the stress requirement is low 
enough. crLB' the ''leak before break'' hoop tension stress, can be 
, found from the following equation: 
I 
1 '-.... 
0 LB n 
= + .s 2 ay 
'31c (1 + 1.4 ~le ) 
' ' 
' 
·~ :, 
(15) 
Table XII represents pressure vessel design data for the grade~A 
and grade D materials at -75°F, -150°F and -225°F for 1 inch) 2 inch, 
. ~nd 5 inch thick pressure vessels. Kie/cry numbers used in calcu-
lating ~le were taken from the Merkle data plotted up in Rigures 36 
and 37. ·~le~ 1.5 is a con~ition where aLB/cry·~ 1 or where general 
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yielding takes place instead of unstable crack propagation. T•, as 
I 
determined by the Merkle Method, as previously mentioned, is the 
tempe_rature above which plane-strain linear elastic fracture mechanics 
does not hold and general yielding will occur before unstable frac-
ture at all thicknesses. 
It is seen that for an increase in pressure vessel wall thick-
ness there is a.decrease in the "leak before break criterion," ~le' 
and likewise a drop in aLB. Also there is a decrease in crLB with a 
decrease in temperature all other conditions being the same. The 
A.S.M~E. Boiler and Pressure Vessel Code, Section VIII, Table VC523 
lists 16,250 Psi as the maximum allowable design stress for both the 
grade. A and grade D materials. Ynder static loading conditions the 
design data at -225°F would indicate that the quenched and tempered 
3 1/2 percent nickel material could be used very satisfactorily at 
the 1 in., 2 in., and 5 in. thickness levels, along with the quenched 
and tempered grade A material and the normalized grade D material 
for 1 inch thick vesselso 
At -150°F, under static loading conditions, the grade A and 
grade D steels_ in the normalized and quenched and tempered conditions 
' would exhibit adequate toughness for use in 1, 2, and 5 inch thick 
pressure vessels. Under dynamic loading conditions the quenched 
.. and tempered grade D material would provide sufficient toughness 
iri 1 inch thick vessels. 
Under static loading conditions at -75°F the grade A steels 6J'\ 
exhibit adequate toughness at all thickness levels. Under dynamic 
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~ loading conditions the quenched and tempered grade D materials 
provide sufficient toughness at all thickness levels along with 
the normalized grade D material at 1 inch thick. 
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CONCLUSIONS 
1) On the basis of the test results from this study, both static~ 
and .dynamic, the quenched and tempered materials exhibited superior 
toughness to the normalized materials. The enhancement of tough-
ness achieved by accelerated cooling was due, at least in part, to ), 
the smaller ferrite grain size and finer carbide distribution this f 
treatment producedo 
·' 
2) The 3 1/2 percent nickel material displaced a high strain rate 
senSitiv·ity as determined by dynamic fracture toughness tests, 
dynamic t~st data fo"r both the norma lize'd and quenched and ten1pered 
materials ·exhibited approximately 100°F shifts to higher.tempera-
ture
1
s when compared to the static fracture toughness data. It is 
probable that this is also true of the 2 1/4 percent nickel steel. 
'Al·so,·dynamic loading has the same effect as testing these steels 
·at·a lower temperature,~th~t being an increase in yield strength. 
·The· double effect of low temperature testing under dynamic loading 
conditions should be kept in mind when considering these materials 
for certain applications. 
.,, 
3) No direct correlation between the Charpy v-notch impact data 
and N.R.L. drop weight data could be found for the 2 1/4% and 
' 
~· 3 1/2% nickel steels, however, there was good correlation between 
~he experimentally 
"¢ 
empirical equation 
i 
. "" 
-determined Kld 
.\,_ 
for the Kld at 
at the N.D.T. and Irwin's 
the N.D.T. 
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4) The results based on Merkle's hypothesis and in terms of the 
''leak before break'' concept portray the norma 1 ized and quenched and 
tempered 2 1/4 percent and 3 1/2 percent ~ickel steels as having 
substantial toughness for pressure vessel applications at and below 
their present minimum use. temperature for various loading conditions 
anq plate thicknesses. 
5) It seems reasonable to assume,based on the test results, that 
\ the quenched and tempered A203 grade A steel could be used in 
pressure vessel applications 50°F below its present minimum use ,. 
temperatures if fracture toughness results on weldments of these 
materials were to prove as promising as that for the base plate 
material. Under static loading conditions, the grade D A203 
quenched and tempered material could be used down to -200°F for 
some pressure vessel a~plications, however the drop weight and 
dynamic fracture toughness results would indicate that caution 
should .be used when ~ynamic loading conditions are anticipated. 
6) Since the results of this investigation are only from one heat 
of steel for each grade, it is reconnnended that further testing be 
·conducted on ·other connnercial heats of steel of the two grades 
studied in order that confidence limits can be ascertained. 
. ..... 
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- TABLE I 
COMPOSITION OF ASTM A203 STEEL 
. ( ,_ 
~ C/0.11 .Mn/0.45 
Grade D (Armco) 
P/0.010 S/0.023 Si/0.23 Ni/3.35 
Grade A (Lukens) 
I 
C/0.14 Mn/0.51 P/0.014 S/0.022 Si/0.18 Ni/2.35 
' . 
•. 
.., . 
. i 
L 
"· 
·,. 
·~. 
' 
,I 
• 
~: 
•• 
.. 
• 
) 
,r 
.•. 
,o, 
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TABLE II 
DESIGN DATA FOR 2 1/4 AND 3 1/2 NICKEL STEEL PLATE 
ASTM A203 
GRADE 
A 
D 
·., 
ASTM A300 
LOWEST TEST 
TEMPERATURE 
- 75°F 
-1so·~F 
• 
YIELD 
STRENGTH 
Ksi MIN. 
37 
.37 
36 
• 
TENSILE 
STRENGTH 
Ksi MINQ 
65 
65 
.. 
,..;;-·_ 
,. 
ASME MAX. 
ALLOWABLE DESIGN 
STRESS Ks i 
•• 
:_ .• 
16.25 
16.25 
• 
.. 
' 
:, 
/ 
, 
·, 
• 
l • 
.. · 
~ 
~, .. 
! 
.~ .. 
... 
. ' 
TABLE III 
TENSILE TEST DATA FOR NORMALIZED AoS.T.M. A203 GRADE A (LUKENS) 
. ,. 
.. 
Y oS ~ 
(KSI) 
Ambient Temperature Data 
Longitudinal 
%El~ %RA T. S. (KSI) 
Quarter Section 7 0 • 6 '(., 48 • 2 35 .5 65.3 71 
T .S. 
{KSI) 
-
75.8 
- 79.9 
Quarter Section 84.4 
' 
• 
89.8 
99.3 
Cryogenic and Low Temperature Data 
Longitudinal 
y .s. 
(KS!) 
49 
53.3 
55.6 
60.2 
77.1 
\ 
Temperature 
OF 
-25 
-75 
-125 
-f.75 
-250 
ioEl. 
35.8 
36.3 
37.3 
39.9 
40.1 
Transverse 
y "s. 
(KSI) 
50.6 
iJlA 
65.3 
64.3 
62.3 
63.3 
61. 2 
%El. 
34.9 
,-j,1 
.. 
·, 
,· 
•• ,, ~~! 
61.2 
"' 
/ 
• 
• 
j' 
----------------------~~· ~-·~ 
.ii• 
1 
fl' 
.f j 
I 
I 
I 
) 
. ' 
I. 
. ' 
,i TABLE IV TENSILE -
• 
Quarter Section 
··~· 
·, 
;., .. ~ 
Quarter Section 
..... 
•• 
.. 
•• 
,· .. ,. ..... 
:~ . 
. ~-
-~· 
' 
TEST DATA FOR QUENCHED AND TEMPERED A.S.T.M. A203 GRADE A .{LUKENS) 
• 
T .. s .. -
(KS!) 
79.9 
T.S. 
(KS!) 
84,,6 
90.2 
94.5 
100.8 
112.7 
Ambient Temperature Data 
.,I 
Longitudinal Transverse 
y .. s. ioEl. ioRA T. S •. .y .s. (KS!) (KS!) (KS!) 
"' 
61.3 32.7 76.6 79.1 59.7 
Cryogenic and Low Temperature Data 
Longitudinal 
y. s. 
(KS!) 
57.2 
63.5 
67.1 
73.7 
90.3 
Temperature 
OF 
- 25 
- 75 
-125 
-175 
-250 
·• 
%El. 
\ 
34, 1 
35.6 
36.1 
35.2 
37.1 
ioRA 
74,5 
74.5 
70.4 
71.4 
66.3 
ioEl. 
28.8 
' 
iJu\ 
68.4 
· l ··.· 
• \ 
• 
-
.. 
• 
•. 
r 
.. 
~ 
/ 
• 
·,. 
;-
,, { 
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TABLE V - TENSILE TEST DATA FOR AS-ROLLED A.S.TeM. A203 GRADED (ARMCO) 
Quarter Section 
I 
Quarter Section 
T. S. 
(KSI) 
70,9 
T.S. 
(KSI) 
85.7 
88.5 
91.8 
94.8 
101.2 
Ambient Temperature Data 
Longitudinal 
y. s" %El i'oRA T. S. (KSI) (KSI) 
47.6 33.4 62.0 69.5 
Cryogenic and Low Temperature Data 
--
y .s. 
(KSI) 
59 .2 
61.7 
65.2 
69.9 
79.4 
Longitudinal 
Temperature 
OF 
-125 
-150 
-175 
-200 
-250 
• 
.:..· 
ioEl. 
33.3 
34.9 
35.6 
35.9 
36.0 
Transverse 
y" s. 
(KSI) 
45 .. 5 
58.2 
59.6 
58.6 
58.6 
57.0 
ioEl 
32.9 
·~· 
i'oRA 
.\ 
\: 
e,: 
62.0 
• 
.. 
.. 
... - ·;; .. 
I . . ,• .. 
' -. ,• 
• 
. ·: -: :·. 1"·,;:; .. "--,,_/· 
• ' •I 
./ 
/. 
'i' 
; \: 
l 
\ 
. . ' 
~ 
. TABLE VI - TENSILE TEST DATA FOR NORMALIZED A.S.T.Mg A203 GRADED (ARMCO) 
Quarter Section 
I . 
"' -Quarter Section 
Ji 
, . 
' I 
T .S. 
(KSI) 
87.9 
91.0 
94.9 
96.7 
104.7 
Ambient Temperature Data 
Longitudinal 
y" s. 
(KS!) 
53.4 
%El 
38.5 67.4 
T. S. 
(KSI) 
73.0 
Cryogenic and Low Temperature Data 
Transverse 
y. s. 
(KS!) 
63.0 
66.0 
69.7 
72 .8 
83.5 
Temperature 
OF 
-125 
-150 
-175 
-200 
-250 
ioEl. 
37.4 
38.7 
39.6 
41.7 
40.7 
Transverse 
Y.S. 
(KSI) 
53.7 
63.7 
63.7 
63.7 
61.4 
60.0 
ioEl. 
66.7 
·Ii 
• I 
•, 
Jl· 
_.· ·:. :;-_,:.:::,:-:--t-{::i~f:~r}1t{1~tq?:t1;r::tIJt_:f//):::.{\'-'.._:'.i\\.::'.' ·;·':·,.,! . .-.. .- .. 
.. __ , ; 
..... ,,' 
•. 
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• 
·• 
-.: ·.·• 
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TABLE VII - TENSILE .. TEST DATA .FOR QUENCHED AND TEMPERED A203 GRADE D (ARMCO) 
Quarter Section 
.. 
Quarter Section 
T. Sa, 
(KSI) 
79,6 
T .S. 
(KSI) 
91.9 
97.3 
99.8 
102.0 
109.5 
.•. 
• 
y" s. 
(KSI) 
62.7 
Ambient Temperature Data 
Longitudinal 
%El. 
'33.7 77.7 
T. S (t 
(KS!) 
Cryogenic and Low Temperature Data 
y .s. 
(KSI) 
71. 9 
76.0 
78.5 
82.9 
90.5 
Transverse 
Temperature 
OF 
-125 
-150 
-175 
-200 
-250 
ioEl. 
35.9 
35.5 
38.0 
37.9 
38.9 
iJlA 
70.0 
68.4 
68.4 
67.0 
66.0 
,. 
Transverse 
y. s. 
(KS!) 
61. 5 
%El. 
73.5 
• 
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,, 
,' 
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( 
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N 
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-.... ~· TABLE VIII - CHARPY IMPACT AND DRO,P WEIGHT DATA FOR A.SoT.M. A203 GRADE A (LUKENS) • !,#' 
Transition Temperature - °F N.D.T. 
OF 
Longitudinal -- :: Transverse 
15 ft.lb<, 25 ft.lb" 15 mil 50%S 15 ft. lb. 25 ft. lb. 15 mil 50%S 
Normalized 
-75 
-113 -90 -145 -50 Quarter Section -105 
-67 -145 -50 
Quenched and Tempered 
-110 
-155 -128 -163 -75 Quarter Section -140 -100 -155 -50 
., 
--
• 
.,. 
• 
---------------------------~------
.. 
;.,. 
,, 
... 
. ,.1 ......... 
' 
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.. 
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TABLE IX - CHARPY IMPACT AND DROP WEIGHT DATA FOR A.S.T.M. GRADE D(ARMCO) 
Transition Temperature -°F 
Longitudinal Transverse 
,..., 
15 ftolh~. 25 ft~lho 15 mil 50%S 15 ft.lb. 25 ftolho 15 mil 50%S 
-170 -145 
-220 -205 
I 
As-Rolled 
.,. 
, • ·- .7 .. 5.: 
. . ' 50 Quarter Section 
, 
Normalized 
-175 -·75 Quarter Section 
Quenched and Tempered 
-230 -125 Quarter Section 
-53 
-5 -65 50 
-162 -132 -175 -50 
-215 ~ 
-175 -223 -75 
•. 
N.D.T. 
OF 
-50 
-110 .. 
-130 
, 
.. 
,._ '.,. 
r 
1 /I 
• I 
. i 
; 
i 
. '~-·· ~ 
·-~ 
·~ 
.,::,-
~ 
• 
'· 
I. 
··~ 
Specimen 
No. 
NA5 
NA6 
NA9 
NAlO 
NAl 
NA2 
NA? 
NAB 
NA3 
NA4 
QTA6 
QTA7 
QTAl 
QTA3 
QTA9 
QTA2*+ 
QTA8 
QTA4 
QTAS 
QTAlO 
~· .. 
. . 
TABLE X 
A~SoT.Mo 
A203 Grade 
• 
.. 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
~· ' ', .. ' .. -., ' 
/ 
- STATIC FRACTURE · TOUGHNESS DATA 
Testing Fracture Toughness, 
Temperature OF KsiVin, Kmax* 
- 75 108.9 
-
75 105 .1 
-110 114.3 
-·110 ,, 111.0 
-150 98.2 
-150 86.9 / 
-200 50.0 
-200 52.2 
-250 38.9 
-250 40.2 
-
75 140.8 
- 75 140.8 .... 
-150 95. 2 
' 
-150 113'.8 
-175 90.4 
-200 101.5 
-200 80.9 
-250 53.1 
-250 61.0 
-300 40.7 
* Fracture Toughness Computed Using Maximum Load 
i, 
.• 
' 
Klc 
X Load-Displacement 
KsiVin Record Type+ 
- 3 
- 2 
- 2 
- '*. ·,·X 
-
·.2· 
- 2 
50.0 1 
52.2 \. l 
38.9 1 
;;· 40.2 ' !' ~ . 1 
- 3 
- 3 
-· 
2 
,_ 2 
- 1 
- 2 
-
1 .. 
53.1 1 
61. 0 1 
40.7 1 
HR c As-rolled Condition 
x \Ta 1 i d p L .:1 n c s t r a in fr a c tu re toughness v a 1 u e ( AS TM E- 24 Cr it er ia ) N = Normalized Condition 
QT: Quenched and Tempered 
Condit ion 
+ See FJ..~urc· ~23 
'· . 
* x S c \' c r n 1. p,) p - ins (Type 2 ) 
" *+ Crack grew too long in fatiguing stage of specim·en preparation 
. "' 
• 
• 
\ 
.. 
'• 
,-. • l 
• 
.\ 
'.');j.·l 
~ 
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TABLE X ~cont 0d.l STATIC FRACTURE TOUGHNESS DA,TA 
-
-
... ~ X Specimen AoS.T.Mo Testing Fracture Toughness, Load-Displacement Klc · + No. A203 Grade Te·mperature OF Ks i,V in""1 Kmax* Ks i v'fn Record Type 
1HR7 D 
1HR8 D 
lHRlO D. 
1HR5 D' ... 
1HR6 D 
1HR9 D 
1HR3. D 
1HR4 D 
lHRl D 
1HR2 D 
2HR7 D 
2HR8 D 
2HR5 D 
2HR6 D 
2HR10 ·D 
2HR3 D 
2HR4 D 
2HR9 D 
2HR1 D 
2HR2 D 
* Fracture Toughness 
X Valid plane strain 
+ See Figure 23 
** Pop-in (Type 1) 
, 
- 50 88.5 
- 2 
-"· 
2 - 50 80.1 -
-
75 79.1 
·-
2 ) 
-100 61.4 1 -
-100 57.2 
- 1 
-125 42.6 42.6 1 
-150 52.4 36.3 ** 
-150 39.3 39.3 1 
-200 39.4 3,9.4 1 
-200 36.4 36.4 1 
- 50 99.2 
-·· 2 
- 50 75.7 
- 2 
-100 50.7 
- 1 
-100 62.5 
- 1 
-125 47.6 47.6 1 
-150 63.5 
- 1 
-150 43.6 43.6 2 
-150 57.5 
- 1 
-200 42.4 42.4 1 
-200 36.0 36.0 1 
Computed Using Maximum Load HR= As-rolled Condition fracture toughness value (ASTM E-24 Criteria) N = Normalized Condition 
QT = Quer1cl1ed ar1d Tempered 
Condition 
• 
• 
,,..·. 
.. ) 
l:'>F. 
'':--'I 
1 
_' .. 
I 
/ 
I 
i 
\ 
I 
' 
I 
'I 
ii 
II 
,, 
~! 
0 
• 
~.; .. 
-
.,::-. 
0\ 
... 
''. 
.. 
\ \ . :·' 
\ 
\ . 
.. 
... ("' [', 
.;I.· 
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:f'. 
TABLE X (cont'd~ - STATIC FRACTURE TOUGHNESS DATA 
Specimen. 
No. 
N5 
N8 
Nl 
NZ 
N9 
NlO 
N3 
N4 
N6 
N7 
QT7 
QT8 
QTl 
QT2 
QT6 
QT3 
QT4 
Q1'5 
QT9 
QTlO 
AG s "-T GM<I 
A203 Grade 
D 
D 
D 
n 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
Testing . · 
Temperature °F 
-125 
-125 
-150 
-150 
-175 
-175 
-200 
-200 
-250 
-250 
-150 
-150 
-200 
-200 
-225 
-250 
-250 
-275 
-300 
- 3(' ~-' 
Fracture Toughness, 
KsiVin, Kmax* 
116.3 
131. 5 
126.2 
118.7 
105.8 
105. 7 
68.9 
68.1 
48.1 
47.3 
150.7 
155.2 
148.2 
125. 1 
97.5 
65.5 
86.9 
75.7 
38.5 
39.5 
., 
=.tr Fracture Tou g l1r1e s s Computed Using Maximum Load 
X Val id plar1e strdiI1 fracture toughness value (AS1M B-24 Criteria) + See Figure 23 
1t . 
• 
X 
Klc. 
Ksif ... i-n 
Load-Displacement 
Record Type+ 
- 2 
- 2 
- 2 
- 2 
~ 2 l 
- 2 
68.9 1 
68.1 1 
48.1 1 
47.3 1 
- 2 
- 2 
·-
2 
:tllll 2 
- 2 
- 1 
-\ 1 
75~7 1 
38.5 1 
39.5 1 
HR C As-rolled Condition 
N = N () r n1 ,1 1 i z e d Condition 
QT= Quenched and Tempered 
Condit ion 
' 
.. 
; ~) 1·~ 
J 
I 
f 
. ! 
I 
i' 
l 
, 
. ' ,, 
' 
I ' 
l,. 
•, 
.. 
~-
.. , 
·--..J• 
.. 
" 
. ., 
. :r .. 
·,; 
Specimen 
No. 
N7 
NB 
N5 
N6 
QT7 
QT8 
QT2 
QT3 
QT4 
QT5 
... 
. •. 
A11S.T.M" 
A203 Grade 
D 
D 
D 
D 
D 
D 
n 
D 
D 
D 
-~ . .-:·, 
" 
... 
.. 
.:.._. _., 
TABLE XI - DYNAMIC FRACTURE TOUGHNESS DATA 
Testing 
Temperature °F .. 
-100 
-100 
-150 
-150 
-100 
-130 
-150 
-150 
-200 
-250 
Fracture Toughness, 
KsiVin, Kmaxi( 
63.2 
62.4 
46.9 
43.5 
103.9 
66.4 
77.3 
60.3 
40.8 
38.3 
X 
K1c 
Ks iV.-in-
. -
-
46.9 
43o5 
-
66.4 
-
60.3 
40.8 
38.3 
,J..A 
Load-Time 
Trace Type+ 
1 
3 
.2· 
:1 
3· 
2 
1 
1 
l 
l 
* Fracture Toughness Computed Using Maximum Load N = 
X Valid dynamic fracture toughness value (a> 2.5(Kmax/aY.S.)) QT= 
+ See Figures 25A and 25B - · 
Normalized Condition 
Quenched and Tempered 
Condition 
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TABtE XII - ~RESSURE VESSEL DE~IGN DATA FOR ASTM A203 STEELS AT -75°F 
A203 
Grade -- Condition 
·- . 
A Norm 
A Q and T • 
D As-rolled 
D Norm 
D Q and T 
.. 
D Norm 
Strain 
Rate 
Static 
Static 
Static 
.Static 
Static 
Dynamic 
Yield T.,+ 
Strength (ksi) (°F) 
53.3 
-110 
63 .• 5 
-170 
• 
5.4 80 
60 
-'130 
69 
-210 
85 10 
B 
(in.) ~le crLB/cry 
crlb 
(ks-i) 
Plane-Strain Linear Elastic. 
Fracture Mechanics does not 
apply at this temperature 
Plane-Strain Linear Elastic 
Fracture Mechanics does not 
apply at this temperature 
1 
2 
5 
1 
.5 
.2 
.744 
.441 
.255 
40 
24 
14 
Plane-Strain Linear Elastic 
Fracture Mechanics does not 
qpply at this temperature 
Plane-Strain Linear Elastic 
Fracture Mechanics does not 
apply at this temperature 
1 
2 
5 
.826 
.413 
.165 
.640 
.388 
.231 
54 
33 
20 
* Condition where a/~y ~ 1 (general yielding) 
+ Toa is thl' tt•mpcrature above which Plane-Strain Linear Elastic Fracture Mechanics 
does not appl)r for tl1e material 
..• 
• 
\ . 
' ' 
" 
" 
• 
• 
/ 
•• 
:_:w. 
D' 
. I 
-~ 
l' .\.:: 
' ' .. 
' . 
' . . 
·..,. 
A203-
Grade. 
D 
-.... 
. .. 
-~ 
n 
TABLE XII (contwdo) - ·PRESSURE VESSEL DESIGN DATA FOR ASTM ~203 STEELS AT -75°F 
Condition 
Q and T 
I ·./ 
Strain 
Rate 
Dynamic 
Yield Teo+ B 
(in.) ~le aLB/cry 
crlb 
(ks i) Strerigth {ksi) (°F) 
94 -70 Plane-Strain Linear Elastic 
Fracture Mechanics does not 
apply at this temperature 
PRESSURE VESSEL DESIGN DATA FOR ASTM A203 STEELS. AT -150°F 
\ 
Norm Static 57 
A Q and T Static 69 
D As-rolled Static 61.7 
; 
D Norm Static 66 
.. 
D Q and T Static 76 
1 
-110 2 
5 
• 
3.32 * 
1.66 * 
.663 .540 
-
-
31 
-170 Plane-Strain Linear Elastic 
Fracture Mechanics does not 
apply at this temperature 
1 .533 .461 28 
80 2 .266 .298 18 
·5 .107 .185 11 
1 9.80 
* -
-130 2 4.90 
* -5 1.96 
* -
-
-210 Plane-Strain Linear Elastic 
Fracture ?-1echanics does not 
appl:/ at t 11 is ten1perature 
* Condition where a/ay > 1 (general yielding) 
+ r., is t1"1c tcn1pcrc:1tur; abo,le i;..il1icr1 Plane-Strain Linear Elastic Fracture Mechanics d O e a n O t a p p 1 y' f Or t he n1a t e r i a 1 
i 
. 
• 
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·.1 
I 
I 
I 
I 
. i 
• 
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,; •• t 
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VI 
0 
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TABLE XII (cont'd") ·- PRESSURE VESSEL DESIGN DATA FOR ASTM A203 STEELS AT -150°F ( 
A203 
Grade 
D 
Condition 
Norm 
Q and T 
( 
Strain Yield Teo + 
Rate Strength (ksi) (°F) 
Dynamic 91 10 J 
Dynamic 101 
- 70'"' 
B 
(in.) ~le 
1 .250 
2 / .• 125 
5 .050 
1 .533 
2 .266 
5 .107 
crLB/cry 
• 
.288 
.200 
.126 
• 461 
.298 
.185 
alb 
(ksi) 
26 
18 
11 
47 
30 
19 
PRESSURE VESSEL DESIGN DATA FOR ASTM A203 STEELS AT -225°F 
A Norm Static 68 
-110 
1 -_/'~ • 3 90 
2 . 195 
.374 ··\ I. 
-··t 
.251 
5 • 078 .158 
.. 
,. 
"- ~ 1 .950 .714 
. ~ 
i 
1\. f' 
' '. " .. 
:,.i A Q and T Static 81 ..•. -170 2 .475 .425 
5 .190 .248 
1 .263 .297 
·D As-Rolled Static 73 80 2 . 132 .205 
5 .053 .129 
' 
1 .533 .461 
-D Norm Static 76 -130 2 .266 .298 
s • 107 .185 
* Condition where a/ay > l (general yielding) 
-+ Tcr:, i~ tl1L· tc·rnpc·raturc above which Plane-Strain Linear Elastic Fracture Mechanics 
25 
17 
11 
58 
34 
20 
22 
15 
9 
35 
23 
14 
,._ does not apply fur tl1e rnaterlal 
"" -~~j 
I 
-
' 
r .: 
=· ") 
• 
I 
i 
•. 
•• 
) 
u, 
•. . 
.... 
. . 
, I 
i\.\'. 
Y:}.· ... ;;.\·· . 
. . ,J~ ' ( ' 
'· 
. " TABLE XII {cont'd.} 
- PRESSURE VESS~L DESIGN DATA FOR ASTM A203 STEELS AT -225°F 
I A203 , Strain Yield / crlb Condition T~+ B 
~le crLB/cry Grade Rate Strength (ksi) (OF) (in.) (ks i) 
• 
1 5.40 
* -D Q and T Static ·. 85 
-210 2 2.70 
* -5 1.08 
"-
.790 67 . .
.1 . 123 • 198 22 D· Q and T·; Dynamic 110 
-70 2 .062 .140 15 
5: .025 .089 10 
* Condition where a/ay > 1 (general yielding) 
+ Too is the temperatur; above which Plane-Strain 
does not apply for the material 
Linear Bl•stic Fracture Mechanics 
t 
• 
I 
_/ I 
:,. I 
1 
' 
., 
,,;.· ... 
/ 
I 
-: -_-,;.- ·:e rr.1 - 't·T ·t·t~ il@:C:·-.,,:, '--.. __ -. -.-~:,--..~-&--·':_ -v:~~-- "·~"--~.:."::..~-c~·.;.~~-:;· _- .--_-_· :· -·------- -~ --,~-----~·-· ---- --- ... . 
. .. 
.. 
."!:·; ' ·';.-
•· 
' \ 
. -: 
l' . 
1. . 
\ . 
'' 'i: . 
... 
... 
• ( . 
.• 
,-_ .. 
• 
< • W------!i,_,/ ? 
I 11 t.,"' 
L-- -----~--------,. 
' 
4 ) ~ 
___.., ,,,,~ (_~-~-~-?:; 
I ., 
f/ 
_,,... 7 ,.. ., ) 
• , '-•---4-2• /. •. , 
• I•••••"\ II • # "' 
--- ...... ., ) :., # 
~ ~ ,, i"' .________, / 
- .. •""I ~ '- II - , 10 ,'~" £:jj::,a .. N"' I : .,' tt:, --71/ 6;l a ... ____ _.. 
'--------------...¥ .._-B 
. ··ORIENTATION OF SPECIMENS TAKEN FROM 
PLATE MATERIAL 
I 
11 WR COMPACT TENSION SPECIMEN 
2 RW COMPACT TENSION SPECIMEN 
3 WR BEND SPECIMEN 
4 RW BEND ·SPECIMEN 
5 WB DROP WEIGHT SPECIMEN 
6 RB DROP WEIGHT SPECIMEN 
" 
7 TRANSVERSE TENSILE SPECIMEN 
8 LONGITUDINAL TENSILE SPECIMEN 
9 TRANSVERSE CHARPY V-NOTCH SPECIMEN 
10 LONGITUDINAL CHAR PY V-NOTCH SPECIMEN 
., FIGURE 1 
52 
:( 
' 
' 
.. 
• 
V1 
w 
" 
,., 
1 
,,.. 
INTERPRETATION OF NRL DROP - WEIGHT TEST RESULTS 
,· 
I 
V, 
~ 
'· 
I 
· .. 
-. 
-•• ""!•. 
., 
I 
,1 
C_OMPACT TENSION SPECIMEN 
.25 w---... 
+ 
I. 
a 
L-
w 
11-------1. 25 W -----
, 
s I ' 
~5 
C\!o 
LO 
LO 
"' 
• 
' 
·' 
FIGURE 3 
i 
' I 
s 
(0 
• 
5 
-(\J 
• 
\ . 
~-
---- ---- --• 
I 
-
_... ____ 
-- ---
---- -- -----
-
--
--- - - -- ---
,_ 
-- ----
... ...... --
--
- - --- ----
-· 
-
"- J 
-
' -
' \ 
.I.. 
' 
7 
FRACTURED 
COMPACT TENSION SPECIMEN 
.•. 
' 
....._ FRACTURE 
ZONE 
SLOW 
FATIGUE - ·- -----------------..~ 
ZONE 
CHEVRON 
V-NOTCH 
__.. __ 
\ 
j. 
_ : INTEGRAL 
KNIFE 
EDGE 
p 
K IC = 1 f BW.~ 
.• FIGURE 4 
55 
FAST 
~--FATIGUE 
a 
w 
----
ZONE 
MACHINED 
NOTCH 
.I 
• 
• 
• 
COMPACT TENSION 
1. LOAD CELL 
2. COOLING CHA 
3. COPPER TU . ·· -
WHICH LIOUI 
4.STYROFOAM 
5.TENSION T · T . 
6.COMPACT T 0 
7. X -Y RECORD · 
FIGURE 5A 
;5.6 
. r 0 
I 
' 
COMPACT TENSION T....__....,-
1. TENSION T S I G C . · V . 
2.CLIP-IN DISP AC _ 
3. COMPACT T .... 0 . 
4. INTEGRAL K IF . 
FIGUR 5-· 
57 
• 
• 
t 
I' 
! 
'I 
,, 
I' 
I, 
'i 
I· 
V, 
00 
·1. 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
11 
_____ u __ 
,, 
y 
'?; 
:. r,,', 
.. : TENSION· TESTING CLEVIS 
(DIMENSIONS IN INCHES) · 
~1.0 DIA. 14 THDS./ IN. 
I I 
I I 
I I 
I I I I I 
I I 
I I 
I I 
........ -.1..L-------
1.0DI-
J 
lO 0 ~ . 
. ~ 
-, "' 
0 
• 
\ 
I I I I 
I I I I 
I I I I 
,. I I I I I I I I I 
I I I I 
I I I I 1 I I I I SR 
PIN 
:========_._.~-_.9_9_6_D ___ IA_.__._-==~==&== 
_________ ... ______________ ~~-~~--~-
---1.2 5_......... ....._._-2. 0-__..........,_,_1.2 s-.-..t 
FIGURE 6 
'· 
I· 
----------------~~~~~~--==------~ 
b 
, . ., 
I 
' 
111 
,, 
. -~' .. 
• 
.~ 
- .. 
•• 
' 
DOUBLE CANTILEVER CLIP-IN DISPLACEMENT GAGE 
., 
• 
AND METHOD OF MOUNTING 
\ 
.. 
FOIL RESISTANCE 
STRAIN GAGE (350 OHM) 
T 1 ......___.,,,,_, 
FIGURE 7 
• 
RECORDER 
3k 
\ 
I 
I 
J 
/ 
I 
I ) 
'· 
t 
'JI 1:., 
;1 
···1 
' /' 
.• 
' 
' 
,.;;. 
.~ 
-··. 
,: 
.1'.' 
.. ' 
' '· I < \ ' i ':: ·: 
. ' 
I I ,I .,. 
. ' . 
·J., 
·-·, . . : :.-4 
. ; ' . 
. . 
' 
,"I. ;i 
DYNAMIC FRACTURE TOUGHNESS BEND SPECIMEN 
LOAD DYNAMOMETER (TUP) 
-------------------------12"---------------------~ 
3" 
' 1.125" 
FIGURE 8 
·• . ·.f 
I . 
97° 
i 
) 
..... 
.. 
;c; 
I 
FRACTURED 
DYNAMIC BEND SPECIMEN 
SLOW 
FATIGUE 
ZONE 
CHEVRON 
V-NOTCH 
FIGURE 9 ' I 
61 
• 
a 
w 
---- FRACTURE 
ZONE 
-. 
FAST 
FATIGUE 
ZONE 
MACHINED 
NOTCH 
• .. 
.. 
. . 
' 
DYNAMIC FRACTURE TOUGHNESS TEST APPARATUS 
• 
... 
( 
'> 
DYNAMIC FRAC . 0 
TEST APPA A TU 
1 ELECTROMAG ·. -T U D 
TO RELEAS W IG ........ -
2 STORAGE OSCI . 0 -CO 
TO RECORD i OA S· · -
3 PHOTOC -LL TO ·1 
THE DELAY TIMI .G 
MECHA ISM 0 
OSCILLOSCOP -
4 POWER SU PLY · 0 
PHOTOCELL 
63 
... 
-
DYNAMIC FRACTURE TOUGH · S 
TEST APPARATUS 
1 400LB. WEIGHT 
2 LOAD RECORDING 
DYNAMOMETER ( TUP) 
3 DRILL ROD OADI G C 
• 4 DYNAMIC B ND S Cl ·· --
5 SHOCK ABSO Bl . G 
COMPRESS O · ~D 
FIGURE 10C 
,64 
.l 
,: 
.•. 
• 
. -
) 
I 2'' 
I I 
I I 
I I 
: I 
' " y 
2-1200~~ 
STRAIN 
GAGES 
Ill Ill 
11 '' 
j6 
I 
2'' 
3'' 
• 
\ 
• I I 
I I 
I I 
• • 
' " 
.._, 
2-120 0 
STRAIN 
GAGES 
COMPRESSION TENSION 
TO POWER 
TO 
OSCILLOSCOPE 
LOAD RECORDING DYNAMOMETER ( TUP) 
FIGURE 11 
65 
. \ 
II 
I 
. I 
-. 
.' "l •• 
105 
95 
~ 85 
NORMALIZED A203 GR.A 
I 
~ ~ 75 
w 
0:: 
f- 65 V1 
55 
45 LONGITUDINAL TO R.D. 
-250 -200 -150 -100 -50 0 
TEMPERATURE - °F 
FIGURE 12 
OT.S. 
YS. · 
.. 
-
50 100 
.. 
:I 
. ,. ./' 
·,. 
.. 
1
: 
°' 
'. 
115 
105 
· l/) 95 
~ 
I 
" l/) 8 
lf) 
w 
0::: 
r- 75 lf) 
. , \. 
--·t I 
QUEN-CHED & TEMPERED - A203 
0 T.S. 
Y.S. 
' 
~-
55 LONGITUDINAL TO R.D. 
-250 -200 -150 -100 -50 0 
TEMPERATURE - °F 
FIGURE 13 
r 
! 
GR. A 
( 
• 
-
50 100 
•• 
, .. 
• 
.. 
. ' 
AS-ROLLED A 203 GR. D 
. 110 
100 
0 T.S. 
90 Y.S. l/) 
~ 
I 80 0\ 
(X) 
l/) 
l/) 70 w 
a:: 
J- ,, 
l/) 60 
50 
' 
... 
40 TRANSVERSE TO R.D. 
-250 -200 -150 -100 -50 0 50 100 
.. 
TEMPERATURE - ° F 
.. FJGURE 14 
• 
I 
,' 
I, 
1, 
I' 
! 
,, 
• 
, 
,, 
-. . 
110 
100 
~ 90 
I 
"' 80 \0 
ti) 
ti) 
~ 70 
I-
ll) 
60 
'\."'·.,. ,'.-~.:\··:.'. :.=:·· _'.··;_,-:.·.;-·-c• ',··:.,·.'.-•-·: :. 
.. ,'.' -:,··.-· ··:.·.",;' -.,, ·"'·'• .' r' ' •... 
. . 
I ,i 
.. ..,~ 
' --
,. ... 
I·, 
NORMALIZED A203 GR.D 
0 T.S. 
Y.S. 
50 TRANSVERSE TO R.D. 
-250 -200 -150 -100 -50 0 
TEMPERATURE - °F 
FIGURE 15 
50 
,• . ' .• 1 ' 
100 
r 
I 
f 
' 
' 
.• 
-: .... , I 
., 
.__..,. 
120 
· 110 
l/) 100 
~ 
"' I 
0 l/) 90 
t{1 
~ 8 
l/) 
70 
,, '•.:.~. ''.·- <I, 
.. 
• I 
QUENCHED & TEMPERED - A203 GR.D 
0 T.S. 
Y.S. 
6 TRANSVERSE TO R.D. 
-250 -200 -150 -100 -50 0 
TEMPERATURE - °F 
FJGURE 16 
50 
' ,. ' 
100 
, 
,; 
' 
~ 110 
' ~ 100 
I 
>- 90 
<!) 
a:: 80 w 
~ 70 
;:! I 60 
~ 50 0 
f 40 
> 30 
>-(L 20 0::: 
~ 10 
• 
'\_ 
·":• 
I' 
A203 ·GRADE A 
NORMALIZED 
.LONGITUDINAL . 
o TRANSVERSE 
0 
/. 
Q.--,/«> 
• 
' • 
• 
• /0 
a o 
• ' 
_ ____,... 
,?_· ' . . 
0 . 
• 
• 
0 
0 
u 0 . - --- ~-__ .,__.L.~---_.. _ _____....____._.__.____......___...__......__ _ _.___ 
-300 .-250 -200 -150 -100 -50 0 50 100 150 200 
TEMPERATURE - °F 
FJGURE 17 
---
I 
' 
I 
I 
!.•' ij 
I 
co 130 
_J 
, · ~ 120 
~ 110 
0 106 
ffi 90 
~ 80 
~ I 70 
U 60 
b z 50 
> 40 
>- 30 
a_ 
o:: 20 
I 
.. 
. t ,, 
A203 GRADE A 
. QUENCHED & TEMPERED 
.,. 
.LONGITUDINAL 
o TRANSVERSE 
• 
•• 
·~ 
• 
• 
• 
/0 
0 a 
<( 
I 
u 
/ 
10 e~g;..----8 0 --- e ~ 
-300 -250 -200 -150 -100 -50 0 
TEMPERATURE -
• 
FJGURE 18 
• • 
••• 
~8 0 
50 OF 
0 
100 150 200 
....l,~== ~- . ~ .. ,i;;';L = 
I . 
., 
. 1-· 
! 
. \ 
I 
'&;· 
CD 110 
_J 
~ 100 
LL 
I 90 (9 
o::: 80 
~ 70 
w 
~I 60 
:U t) 50 
z 40 I 
> 30 
~ 20 0::: 
., 
A203 GRADE D 
AS- ROtLLED 
.LONGITUDINAL 
o TRANSVERSE · 
• 
I 
... 
<:{ 
I 
.u 
0 
10 --- ~---------' i 0 .-· .. . 
-250 -200 -150 -100 -50 0 50 
TEMPERATURE - °F 
FIGURE 19 
. ., 
• 
• 
:, 
• 
~-----•--
0 
100 150 200 
------....-.-------~--·-·.----------------~-- --------~-
~· ------
• 
~ 130 
t-!- 120 
LL 110 
I (6 100 
ffi 90 
~ 80 
"I 70 
~u 
F- 60 
0 50 z 
> 40 
>- 30 
& 20 
• 
A203 GRADE 
NORMALIZED 
.LONGITUDINAL 
o TRANSVERSE 
' 
• 
.· .. 
<{ 
I 
u 
10 i i·(tl • 
.,· .. 
D 
.. 
• 
0 
0 
• • 
• 
0 
o-i- • ._./ 
-300 -250 -200 -150 -100 -50 0 50 
TEMPERATURE - °F 
FIGURE 20 
• ' -
., 
• 
0-.. 
0 
• 
100 150 200 
.. 
/' tI.l 
-t 150 
. r- A203 GRADE D 
(9 120 
ffi 110 
~ 100 
90 
~o ao 
6 70 
z 60 
I 
> 50 
.LONGITUDINAL 
o TRANSVERSE • 
I 
0 
.. / 
/0 
§ >- 40 &: 30 
<( 20 -
0 10 _. ~-
0 
.• 
• 
' -------------
0-----0----------------- A 0--
o-o 
-300 -250 -200 -150 -100 -50 0 50 100 150 200 
TEMPERATURE - °F 
FIGURE 21 • 
. ' 
J' 
. ----,., __ - -.c.~·-.- ... _ .... - .... .,.~-·-··l;",~~~-·~..:..::·:-:-.r,--·.--~ . - . ,_,_ - ~ - --- --·--· -- . 
I 
' 
J 
LL 
0 
I 
.W 
\ 
L__-2~5 ~~? ~ 
0:: 
W-200 a_ 
2 
w ... 175 
I-
Z-150 0 
I-
ll) -125 
z 
·~ -100 
l-
ed -75 
_J 
~ LL -50 
LO 
< 
ASTM A203 STEEL 
A AS -ROLLED 
B NORMALIZED 
C QUENCHED & TEMPERED 
NDT 
GRADED 
t 
GRADE A 
A B C B C 
15 FT. LB. TRANSITION TEMPERATURE 
CHARPY V-NOTCH IMPACT DATA 
(QUARTER SECTION) 
FIGURE 22 
76 
TYPICAL LOAD - DISPLACEME N T 
RECORDS FROM STATIC FRACTURE 
TOUGHNESS TESTING 
TYPE 3 
--·---··~--------
., 
•• 
p· ' ..... ;, .• 
,. 
VARIATION OF ·K,c WITH STRAIN RATE 
.. _ ... 
·, 
TEMPERATURE=CONSTANT 
a: u 
-~ 
STRAIN RATE 1msec. 
FIGURE 24 
• 
f • 
I 
'' 
t 
i 
l 
I 
I 
' ) 
' 
" 
/ 
( . -- - ~ " 
'-\ 
LOAD - TIME RECORDS FROM DYNAMIC FRACTURE 
-
A20 G . 
0 M. 
MOD 1 
TOUGHNESS TESTING 
J 
A20 G .D 
Q&T 
MOD 1 
: 0. ,ec / D1v . 
. 2. -- I V. 
-200F 
CX) 
0 
' 
I' 
. . 
.. 
LOAD - TIME RECORDS FROM DYNAMIC FRACTURE 
TOUGHNESS TESTING 
A2 · G .D 
-130F 
MOD .. 2 
V 
A203 G .D 
0~ 
c I D1v. 
-100F 
,, ' 
' . . 
FRACTURE SURFACES 
· A203 GR.A · 75° 
0 M. Q 
( ·. ATIC) 
A203 . 
AS ROLD 
( . 
FIGURE 26B 
82 
• 
A203 · . . D . 0 
DY .· · C 
A203GR.D 
DY AMIC 
FIGUR 26C 
83 
.. 
' . 
FRACTURE SURFACES 
A203 G .D 0 
-150°F 
FIGURE 26D 
84 
I 
ii·,· 
t1 
"j •• 
•• 
.. 
.. 
~160 
l/")150 
~140 
,-....,,. .. 
~130 
~120 
~110 
~ U100 
i190 
>- 80 
f- 70 
~ 60 
W 50 f-
z 40 
Ul 30 
,, . 
-~ 
;: 
'": .:-
... 
A203 GRADE A NORMALIZED 1.645 INCH PLATE 
RW SPECIMEN 
• 
• VALID Kie TEST 
STATIC 
DATA .. 
0 
g 
.• 
NDT Ul ....__._ __ ____.__ __ -'--___ _....__ __ ....__._. _ ___..___..Ii,,,..---,# w -300 -250 -200 -150 -100 -50 0:: TEMPERATURE - °F lt, 
. FIGURE 27 
,"I 
,.,.-· 
t 
'' 
1 • 
· .. _;, ' 
£160 
-150 
~140 
,-.."'130 ~ 
'---' 120 
. ·::; .',, ' ... ,. ' - ' ·-~-·- ....... ,: .· .... ' ' .. ·. ". . ..... ':: .. 
,I 
V 
A203 GRADE A QUENCHED & TEMPERED 1.6451NCH PLATE 
RW SPECIMEN 0 
0 
3110 
(X) [j 100 
O' :<t: 90 LL 
STATIC 
DATA 
0 
>- 80 
t- 70 
~ 60 
w 50 ~ 40 -·----------
• 
• 
• VALID K 1c TEST 
~ 30 NOT 
~ '-----'-------J.-------1.----_.___ __ -..L--...J _
_
_
 _.__~ w -300 -250 -200 -150 -100 -50 
a: TEMPERATURE - °F 
U) FIGURE 28 
., 
I' 
~ 
I j 
r 
i 
1 
' •- I f 
c~ 
-
160 
-
~150 
~ .. 140 
~130 
a: 120 ~ 110 
~~ 100 
LL 90 
>- 80 r 
Lf1 70 Q 60 
r 50 
.;: 
2 40 ---------------
l/) 30 
l/) 
w -300 a: 
Gi 
..... ,, 
A203 GRADE A 1.645 INCH PLATE 
/ 
~ O&T / 
(STATIC) /" 
-
__ ,,,,, 
---
~ 
~ 
,/ NORM. 
/,/ (STATIC) 
-250 -200 -150 
TEMPERATURE - °F 
FJGURE 29 
-100 -50 
.. ,-..,,.,. . . 
. ,. 
i 
., 
C 
-
_ 160 
~150 
~-- 140 ~ 
'--' 130 
3120 
0 110 
~~ 100 
90 
>- 80 t-
l/) 70 Q 60 
~ 50 
40 
.. ·f. 
. ..,. .... 
. I 
A203 GRADE D AS-ROLLED 2 INCH PLATE 
oe RW SPECIMEN 
D II WR SPECIMEN 
I) 
( 
11e VALID Kie TEST 
' 
D 
B 
STATIC 
DATA 
0 
a 
0 
0 
D 
~ 30 NDT 
~ .___3._,L.o_o ___ 2 ___ 5_0 _____ 2....._00 ___ 1 ____ 5 0 _____ 10_0_· ---_5_0 _______ 
~ TEMPERATURE - °F 
FIGURE 30 
•'. 
' . 
A203 GRADE D NORMALIZED 2 INCH PLATE 
C: 
- 160 
-
~150 WR SPECIMEN • VALID K IC or Kid TEST 
, ,~140 
~ 130 • IR~TNS CRITERION 
00::: 120 
~ 110 ~~ 100 
. LL 90 
for Kid at the NDT 
0 
0 
~ SO STATIC 
cf) 70 DATA A g/ ffi 60 
~ 50 
_ DYNAMIC 
40 -
- DATA 
~ 30 NDT 
• 
: ........ 
w '------Lo __________ _...__~--~----~---~ a: -300 -250. -200 -150 -100 -50 tn TEMPERATURE - °F 
FIGURE 31 
... 
)' 
' 
' q 
l 
I I 
! 
i 
; 
I 
-,, 
,. 
-· 
. .-- .,.......,....... 
A203 GRADE D QUENCHED & TEMPERED 2 INCH PLATE C 
-
160 
-
WR SPECIMEN 
0 ~150 ~ ~ .. 140 AIRWINS CRITERION ~ 130 for Kid at the NDT 0 ~ 120 
LJ 110 
;g ~ 100 
90 
>- 80 ~ 
ll1 70 
~ 60 . 
~ 50 
40 __. 
tfi 30 
• 
0 ,' , 
, 
, 
, 
, 
"o 
~ 
/ 
0 STATIC 
DATA 
-·---------· 
8 
0 
• 
• 
NOT 
• VALID K 1c or 
Kid TEST 
, 
0 
, 
, 
, 
DYNAMIC 
DATA 
~ .__-3__,_0_0 _____ 2....__50---_-2~0-0 ____ 1 ___ s____ o---L-----10~0=------_ 5....._o__. 
tn . TEMPERATURE - °F 
FIGURE 32 
I 
f 
' ! 
i 
,. 
j 
.. 
:, 
I 
I 
1, 
lj 
-,~ '• ,,, 
. . -·· 
,: ' ·~,: , 
. . )~; .... ..;» . 
.. ; . ,,,,-
,r# • .~ 
... , .. 
A203 GRADE [l 21NCH PLATE 
C 
-150 
tf> 150 
~.J40 
Q130 
"--' 
o:: 120 
~ 110 
_ / ~ U 100 ' ~ 90 Q& T 
>- 80 
I- 70 
Zif).. 60 / , / .,..-" /' .,,/... / ......... --
1-w 5 O · /" , ,,,, / .,,,., ,,, 
... , ---
_,,.,.,,.. ,. _______ ....... AS-ROLLED 2 40 ___.. .. ,,,, (STATIC) 
tf> 30 
lf) 
~ -300 
tn 
-250 -200 -150 
TEMPERATURE - °F 
-100 -50 
FJGURE 33 
,. 
·, 
• 
• 
100X 
4 
' 
I 
- I 
100X NrTAL 50 X 
QUENCHED & · .. M 
ASTM A203 G .A 
FIGUR . 34 
92 
--- ..--
--
..., 
100X 
100X 
• ;.__._~~~,;.;. 
NITAL 500X 
AS- ROLLED 
NITAL OX 
NORMALIZ .D 
100X NITAL 500X 
QUENCHED & 
ASTM A203 G'R.D 
FIGURE 35 
93 
• I 
• 
1 . 
' 
., 
'f. u 
-~ 
' 
6 
J 
:.'+ 
3 
2 
A 
' 
1 
~ 
0
-300 -250 
A203 GRADE A STEEL 
.. 
0 B 
' 
' 
' 
' 
' 
' 
' 
' ' ' 
' 
' 
' 
' 
' 
' 
' ' 
' 
' ' 
' ' 
-200 
FRACTURE 
' 
' 
' 
' 
' 
' 
' ' 
' ', 
I 
A QUENCHED & TEMPERED 
B NORMALIZED 
STATIC DATA 
' 
' ' 
' 
.. 
' 
' 
' 
' ' 
' 
' 
-150 -100 -50 
TEMPERATURE - °F 
FIGURE 36 
,. ... 
0 
' I. 
u 
-~ 
3 
2 
1 
( 
... ' -·- -·- .-. -~, ,,, ... -.. ~--.--,_, ... , .. , -- . : . , .,_ . ' . ' •,. . .. ·. . .: '' , (_ ·. ··.· - ·', . 
\ . . 
_,; 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
A\ 
\ 
\ 
\ 
\ 
\ 
·( 
A203 GRADE D STEEL 
\ 
' 
' 
-1 A QUENCHED & TEMPERED 
2 B NORMALIZED 
' \ 
C AS-ROLLED ~ 
ABC-STATIC DATA 
12-DYNAMIC DATA 
.. , , IRWIN'S CRITERION 
\ 
\ 
' 
' ' 
',,~ for Kid at the NDT 
'\, 
' ....... ' ..... ' , ..... 
' ....... ' ,, 
' ', 
1 ',, ' ', ' ,, 2 ',, ',, C 
' ,, 
' 
' \ 
' 
' ' 
' ', 
' ' ' ', ', ,, 
' 
..... ' ', 
o· ..,.__ _ ...__ _ _.___. _____________________ __.__.... __ __..______.....____....L.-J 
-300 -250 -200 -150 -100 -50 0 50 100 FRACTURE TEMPERATURE - ° F 
FIGURE 37 
,I 
_, 
L 
.J 
\· 
- ' . . - . 
·-,.~-----2 .. '·:---~--- .. ~·-·----~ ...... ---~--" . - - ·--------· .. -·- - ·-· - - -
:, 
VITA 
Noel J. Huettich, was born on December 25, 1945 in Buffalo, 
New York. He attended Buffalo public schools through grade 12, 
gra4uating in 1964. In 1969 he received a Bachelor of Science 
Degree in ~tallurgical Engineering from the University of Nevada • 
• Mr. Huettich came to Lehigh University's Metallurgy and Materials 
" 
Science Department in 1969 as a National Science Foundation 
• 
Trainee. 
•• 
, .• -
' 
• 
•. I 
~· 
96· 
• 
